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The large anomalous Hall conductivity (AHC) of the Fe;(Ge, Ga)Te, compounds has attracted consider-
able attention. Here, we expose the intrinsic nature of the AHC in Fe;GaTe, crystals characterized by high
conductivities, which show disorder-independent AHC with a pronounced value oy, ~ 420 Q7 'em™!. In the
low-conductivity regime, we observe the scaling relation o, o axlf, which crosses over to oy, X 0y, as Oy
increases. Disorder in low-conductivity crystals is confirmed by the broadening of a first-order transition between
ferromagnetism and the ferrimagnetic ground state. Through density functional theory (DFT) calculations, we
reveal that the dominant sources of Berry curvature are located a few hundred meV below the Fermi energy
around the I' point. Therefore, Fe;GaTe, clearly exposes the disorder-induced crossover among distinct AHC

regimes, previously inferred from measurements on different ferromagnets located on either side of the crossover

region.
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I. INTRODUCTION

Despite being discovered by Edwin Hall in 1880 [1], the
anomalous Hall effect (AHE) continues to be a very active
topic of research in condensed matter physics. Based on the
seminal studies by Karplus and Luttinger [2,3], Smit [4,5],
and Berger [6], the modern understanding of the AHE has
reached a certain degree of consensus achieved by splitting
its behavior according to three conductivity regimes: the dirty
regime (for o,, <3 x 10> Q~!cm™!), the moderately dirty
regime (for o, ~3 x 10° to 5 x 10° Q~'ecm™!), and the
super clean regime (for o,, > 5 x 10® Q7' ecm™!) [7]. With
the emergence of the concept of Berry curvature [8,9] and
concomitant topology [10-23] in condensed matter physics,
the observation of the moderately dirty AHE regime was
regarded as the proof of the Karplus-Luttinger or intrinsic
mechanism associated with the texture of Berry curvature
(topology) within the material [23-26].

Recently, layered ferromagnetic Fe;XTe, compounds,
where X = Ga or Ge, have attracted significant attention
because of their distinctive electronic band structure [26,27]
showing topological character. These compounds also dis-
play topological spin textures such as skyrmions [28-32] and
two-dimensional magnetism beyond room temperature when
exfoliated down to a few layers [33,34], making them very
promising from both the fundamental and applied perspec-
tives. In previous studies, avoided band crossings near the
Fermi energy, induced by spin-orbit coupling, were claimed
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to be a major source of Berry curvature and hence of AHE in
these compounds [26,27]. The large anomalous Hall conduc-
tivity (AHC) ~ e? /hd, where d is the spacing between layers,
and the observed scaling relation oy, o o 1671%, usually as-
sociated with the dirty regime, was suggested as possible
evidence for the intrinsic mechanism [26,27]. These studies
not only indirectly support the intrinsic mechanism but also
imply that the studied samples were slightly outside the mod-
erately dirty regime. However, a fundamental understanding
of AHE in these compounds would benefit from a direct
observation of the moderately dirty regime. The observation
of a moderately dirty regime would also indicate that these
materials can reach a nearly disorder-free regime, which is
needed to develop applications based on the intrinsic mech-
anism driven by the Berry curvature. In particular, this is
required for compounds like Fe;GaTe,, which displays great
potential for spintronics owing to its high Curie temperature
T. 2 360 K [30], and the presence of skyrmions above room
temperature [29].

From the perspective of the fundamental understanding of
anomalous Hall effect, clear experimental evidence for the
crossover from the dirty to the moderately dirty regime is
still lacking. The main challenge is the difficulty in tuning
solely the level of disorder in the material while maintain-
ing its chemical composition. Various studies on the scaling
behavior of the anomalous Hall effect rely on compositional
adjustments to achieve wide ranges of conductivities [35-43],
which could change the intrinsic electronic and magnetic
properties of the studied materials as well as their level of
disorder. The investigation of the anomalous Hall effect in Fe
thin films evaded this issue by modulating their mobility by
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adjusting the thickness of the films instead of changing their
chemical composition [44]. This study also proposed a scaling
analysis, the so-called TYJ scaling, based on the temperature
dependence of the conductivity and on the sample-dependent
conductivity. Since the dirty regime is not included in the
TY]J scaling, it is mainly suited to regimes beyond the dirty
one above o, =1 x 10* @ 'cm™'. Another study claims
that a more complete scaling should be applicable even for
conductivity regimes beyond oy, > 1.4 x 10° Q~'cm™! [45].
Here, we focus on the lower conductivity regime or when
o < 1 x10* Q@ 'em~! and demonstrate a crossover from
the dirty to the moderately dirty regimes without tuning the
chemical composition, by measuring Fe;GaTe; crystals, thus
complementing our current knowledge of the anomalous Hall
effect.

II. RESULTS AND DISCUSSIONS

To explore the roles of disorder and Berry curvature texture
in Fe;GaTe,, here, we measured 19 single crystals char-
acterized by a wide range of oy, values, from o, >~ 8 X
10> to 1 x 10* Q@ 'em~! at T =2 K. Through this wide
range of conductivities, we observed a clear dirty regime
for oy, below 4 x 10> Q@ 'em™', the crossover regime for
0= (@4 —7)x10° @ 'ecm™', and a saturating regime be-
yond o =7 x 10° Q~!'cm™'. Our analysis was performed
at the lowest temperature of 7 =2 K to exclude inelastic
effects due to phonons, or magnons. The role of disorder was
confirmed by the observation of sample-dependent broaden-
ing of a first-order magnetic phase transition and the behavior
of the anomalous Hall coefficient Sy = oy, /M as a function
of temperature. Density functional theory (DFT) calculations
reveal that Fe;GaTe, displays strong Berry curvature leading
to oy, ~ 535 Q7 'em™!, a value that is slightly higher than
the measured one (o,, ~ 420 Q~'cm™'). DFT calculations
also reveal that the dominant sources of Berry curvature are
located around the I" point and a few hundred meV below the
Fermi energy. This contrasts with previous studies focusing on
the Berry curvature around the K point located near the Fermi
level [26,27].

Single crystals of Fe;GaTe, were synthesized through a
chemical vapor transport technique. We ordered and labeled
all crystals from the highest (C1) to the lowest conductivity
(C19). Resistivity p,, as a function of T for all samples
can be found in Fig. S1 within the Supplemental Material
[46]. Single-crystal x-ray diffraction measurements were per-
formed on four selected single crystals (C2, C6, C9, and
C17), whose conductivities ranged from ~2 x 10° Qlem™!
to ~8 x 10° Q~!cm~'. The precession images and the unit
cell are shown in Figs. S2 and S3, respectively, within the
Supplemental Material [46] (see also references [34,47-51]
therein). In all crystals, we found around 10-13 % of vacan-
cies at the Fe2 site, as well as intercalated Fe atoms at the Fe3
site. We found no correlation between crystal conductivity
and its lattice constants. The structural information for these
samples is listed in Tables S1 and S2 within the Supple-
mental Material [46]. High-angle annular dark-field scanning
transmission spectroscopy (HAADF-STEM) imaging reveals
positional disorder at the Fe2 and Ga sites with respect to their
original position within the mirror plane between Te atoms;

see Fig. S4 within the Supplemental Material [46] (see also
Ref. [52] therein). Intercalated Fe3 ions, fluctuations in Fe2
occupancy, and positional disorder at the Fe2 and Ga sites
are the sources of disorder observed in our Fe;GaTe, single
crystals.

We measured both the magnetization and the electrical
transport properties to analyze the anomalous Hall effect.
Figure 1 displays the magnetization M (uoH,T) and Hall
conductivity o,,(uoH, T') as functions of the magnetic field
noH, as well as their relationship, as observed in crystal C1
for several T's. The values of oy, are given by the relation
0wy = Pyx/(Poc + P). Pyx and the magnetoresistivity as a
function of popH for all samples can be found in Figs. S5
and S6, respectively, within the Supplemental Material [46].
Both magnetization and oy, show hysteretic and ferromag-
netic behavior for T's up to 350 K. The hysteresis loops show
a step when the sample is brought back from the saturation
region, observed in both the magnetization and the anomalous
Hall conductivity, see insets in Figs. 1(a) and 1(b). This is an
indication of an additional magnetic phase transition. When
saturated, oy, reaches the large value of ~420 Qlem™ L.
This is comparable to previous values of 540 Q~'cm~! and
680 Q! cm~! observed in Fe;GeTe, [26] and Fe;GaTe, [27],
respectively. Figure 1(c) shows the plot of oy, as a function
M for several Ts, exposing the nearly linear dependence oy,
on M. This indicates that oy, is dominated by the anomalous
Hall term, which is proportional to M. This proportionality
can be expressed through the anomalous Hall coefficient,
Sy, as 0y = Su(oH, T)M. Sy remains nearly constant as a
function of the magnetic field at a fixed T, but Sy (uoH, T)
gradually decreases with increasing 7, due to phonon and
magnon scattering [59].

We studied the dependence of oy, on the conductivity oy,
to understand the underlying mechanism driving the AHC
in Fe3GaTe,. Figure 2(a) displays o,, as a function of o,
for all 19 samples studied within the temperature range 7 =
2 K-200 K. oy, and oy, were measured under puoH = 1 and
0 T, respectively. We identified two distinctive regimes in the
0yy(0yc) plot, which are separated by o, >~ 4 mQ~'cm™".
The o,,(0x.) plot indicates that FesGaTe, shows the dirty
regime below o, = 4 x 10° Q~! cm™!, which gradually tran-
sitions to the saturating, moderately dirty regime as the
conductivity increases. This observation implies that the AHC
of Fe;GaTe, is governed by the intrinsic mechanism in the
moderately dirty regime due to a strong Berry curvature. The
saturating value of oy, in the moderately dirty regime is close
to the value of ¢?/hd ~ 477 Q' ecm™!, which also points to
the intrinsic mechanism [7,60]. In the dirty regime, we found
that the relation oy, o o!.¢ is satisfied in the temperature range
T = 2-350 K, which is shown in Fig. 3, as theoretically
predicted and empirically reported [7,60,61]. Figure 2(b)
displays the relation between oy, and oy, for different com-
pounds, with this panel being a modified version of Fig. 12
in Ref. [7]. In that paper, the crossover between the dirty and
moderately dirty regimes is proposed to be close to the con-
ductivity value o,, ~ 3 x 10> Q! cm™!, which is consistent
with our result of o, >~ 4 x 10* Q' cm~!. Figure 4 displays
oy, as a function of o,, in a magnified scale that focuses on
the data from Fe;GaTe,. We found that Fe;GaTe, displays

the dirty regime behavior below o, =4 x 10° Q7 'cm™,
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FIG. 1. Magnetization and anomalous Hall effect for Fe;GaTe,. (a) Magnetization for Fe;GaTe, single crystal as a function of magnetic
field, indicating that ferromagnetism is present at temperatures exceeding 77 = 350 K. (Inset) Magnified view of the field-dependent
magnetization at 7 = 2 K within the low-field regime, exposing the hysteresis. (b) Hall conductivity as a function of the magnetic field.
The ferromagnetic response is clearly observed all the way up to 350 K. (Inset) Magnified scale, exposing the hysteresis observed at low fields.
(c) oy as a function of the magnetization at several temperatures. The near proportionality between o, and M persists up to temperatures of
T =400 K.

saturating in the moderately dirty regime above o,, = 7 X we took the logarithmic values of both oy, and o, which are
10° Q7 'cm™! with the crossover region located between  plotted in Fig. 3(a), to extract the value of n. Subsequently, we
both values. This scaling for Fe;GaTe, is akin to the one fit o, as a function of oy, to the relation oy, = (Ao}, + og) for
observed for its isomorphic compound Fe;GeTe, [26] al- fixed values of n obtained from the logarithmic plot. These fits
though Fe;GeTe, did not clearly expose the moderately dirty ~ yield A and the constant oy [see Fig. 3(b)]. The dependence
regime. Therefore, Fe;GaTe, is a rare example of acompound  on temperature of A, n, and oy are plotted in Figs. 3(c)-3(e),
that spans distinct AHC regimes, allowing us to confirm the  respectively. The factor A simply follows the magnetization
existence of a crossover beyond a critical conductivity value. and is in line with our intuition. The power 7 is close to the

Figure 3 shows the detailed scaling analysis of the dirty expected value n ~ 1.6 evenup to T = 350 K, which is just be-
regime below o, =4 x 10> Q7 'cm~!. We analyzed the  low the Curie temperature. This clearly shows that Fe;GaTe,
scaling relation by fitting the data to o,, = Ao/ + 0. First,  isin the dirty regime below o, = 4 x 10> Q! cm~!. Finally,
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FIG. 2. Experimental evidence for a crossover between distinct anomalous Hall regimes in Fe;GaTe,. (a) Hall conductivity o, as a function
of the longitudinal conductivity oy, collected at distinct temperatures on several samples. Values of oy, and oy, were measured under poH =
1 T and O T, respectively. Different symbols are associated with the conductivities of the different samples (i.e., C1 to C19), with their values
measured at 7 = 2, 10, 25, 50, 100, 150, and 200 K. Different scaling regimes are identified below (dirty regime) and above (crossover towards
the moderately dirty regimes) the value of 0,, = 4 x10° Q~'cm~!. (b) Comparison between the scaling behavior of Fe;GaTe, and the scaling
observed in other compounds as well as with theoretical predictions. Our data from Fe;GaTe, is indicated by blue markers. Dirty regime
(0yy & 0%), moderately dirty regime (o,, ~ constant), and clean regime (o,, x 0,) are denoted by red, yellow, and grey shaded areas,
respectively. Dashed lines indicate the expected scaling behaviors for each regime. The scaling behavior of Fe;GaTe, spans both the dirty and
moderately dirty regimes (which is dominated by the intrinsic contribution or the Berry curvature). This panel is a modified version of Fig. 12
in Ref. [7], with the data taken from Refs. [53-57] for Co-TiO,; Ref. [35] for La,_,(Sr, Ca),MnOs;; Refs. [36—41] for (Ga, In),_,Mn,As;
Ref. [42] for Nd,(MoNb),07; Ref. [58] for MnSi; Ref. [43] for Cu;_,Zn,Cr,Sey, Fe single-crystal, Gd film, Fe film, Ni film, Co film, SrRuOs,
and La;_,Sr,CoOs; Ref. [26] for Fe;GeTe,.
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FIG. 3. Scaling analysis of the anomalous Hall response of Fe;GaTe, within the dirty regime. Experimental o, as a function of o, is fit to
the expression o,, = Ao, + 0y. (a) Log o,, as a function of log o, for several temperatures. Solid lines are linear fits whose slopes yield the
values of n. (b) oy, as a function oy, for several temperatures. We fixed the n values to those obtained from the fits in (a) and then fitted the data
to oy, = Ao}, + 0y, to extract A and oy. Solid lines represent the fits. (c)—(e) Resulting A, n, and oy values as functions of T from the fittings in
(a) and (b). A values compared to the magnetization under poH = 1 T from sample C17, displaying agreement in their 7 dependence. n values
are very close to 1.6 regardless of the value of T, thus aligning with the theoretical predictions for the dirty regime [7]. oy displays large error

bars, or a large uncertainty in its values.

we find that the values of oy are within the error bars, suggest-
ing that the strict scaling relation o, = Ao’ is satisfied within
the dirty AHC regime of Fe;GaTe;.

The disorder that affects the value of o,, also affects the
temperature dependence of Sy . It also considerably broadens
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FIG. 4. o,, as a function of o, in a magnified scale focusing
on the dirty to moderately dirty and crossover regimes. Red, yel-
low, and blue shaded areas represent the dirty regime below o,
= 4 x10* Q7 'em™!, the moderately dirty regime above o, =
7 x 10* Q~'cm™!, and the intermediate or crossover regime between
them, respectively.

the first-order transition observed between ferromagnetism
and the ferrimagnetic ground state of Fe;GaTe,. Figure 5(a)
shows Sy as a function of T collected under uoH = 1 T
for samples C1, C6, and C17, which are in the moderately
dirty regime, at the boundary between the dirty and moder-
ately dirty regimes, and in the dirty regime, respectively. The
magnetization data for samples C6, and C17 can be found in
Fig. S7 within the Supplemental Material [46]. For sample C1
located within the moderately dirty regime, Sy monotonically
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FIG. 5. Anomalous Hall coefficient Sy and magnetic susceptibil-
ity x for samples located within different scaling regimes. Samples
C1, C6, and C17 were selected from the moderately dirty regime, the
intermediate regime, and the dirty regime, respectively. (a) Anoma-
lous Hall coefficient (S = o,,/M) for all three crystals as a function
of T measured under uoH = 1 T and normalized by the value of
Sy collected at T = 2 K. (b) Magnetic susceptibility x collected
from the three crystals under uoH = 0.35 T. As the sample quality
decreases, the transition temperature tends to increase, becoming
unobservable as o, decreases.

184438-4



DISORDER DRIVEN CROSSOVER BETWEEN ANOMALOUS ..

PHYSICAL REVIEW B 111, 184438 (2025)

(@)

(c)o 500
0.4 _—_——7 / / \\\ "1 ] =
0 ///// AN \\\ Lo
/ // i \ eyl —== |
A SN |~
s s s 3 Oy Iem™!
®) o= 7 AN N —es
TN X
— Yy / ‘ AN 2
% 0.0 7 Y/ A\ \ W x 0 5,;
I-o.z/ /7 / B \\\\ —102§
N NN NS
H
102
101
o
o Z
E"’b
_10l
—102
K, -
N \
B W
kx

FIG. 6. Electronic band structure and distribution of Berry curvature in Fe;GaTe,. (a) Electronic band structure along the high-symmetry
points within its Brillouin zone. Eigenstates with eigenvalues of —i and i with respect to the z direction mirror operation C; are depicted by
red and cyan lines along the K-T', '-M, and M—K directions. Along the K—H direction, the eigenstates with the eigenvalue of e=27#/3 ¢*27i/3,
and 1 with respect to the threefold rotation C; operation about the z direction are depicted by red, cyan, and blue lines. The band crossing point
along the K—H path is protected by the threefold symmetry, forming a Weyl point. (b) Band-resolved Berry curvature along high-symmetry
directions. (c) Anomalous Hall conductivity as a function of chemical potential. (d) Momentum-resolved Berry curvature map on the three
perpendicular £ planes. Main Berry curvature contribution is concentrated around the I and K points. Note the strong negative contributions

along the K—H path.

decreases with increasing 7. In contrast, as the crystalline
disorder becomes more prominent, a distinct behavior is ob-
served in Sy at low temperatures; Sy increases with 7'. In the
moderately dirty regime, the AHC signal is robust with respect
to elastic scattering, but it becomes considerably suppressed
by inelastic scattering (e.g., spin-flips owing to magnetic im-
purities). This is also illustrated by the rapid decrease of o, in
the moderately dirty regime upon increasing 7, see Fig. 2(a).
The effect of disorder on the magnetic response of
Fe;GaTe, is exposed by the behavior of the first-order mag-
netic transition. Figure 5(b) shows the magnetic susceptibility
of samples C1, C6, and C17 as a function of 7. These mea-

surements were taken under field-cooled conditions at poH
= 0.35 T. For the highest Hall conductivity sample C1, the
magnetic transition occurs at T =~ 161 K leading to a sharp
step that reduces the magnetization by ~17.5%. For the in-
termediate quality sample C6, at the boundary between both
regimes, the transition temperature is shifted to 7 ~ 184 K,
while the magnetization decreases by just 13.0%. The smaller
decrease in magnetization is evidence for spatial inhomogene-
ity leading to the suppression of the first-order transition. For
sample C17, located in the dirty regime, the phase transition
is completely suppressed because of more severe structural
disorder.
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To understand the origin of the strong Berry curvature
contributing to the intrinsic anomalous Hall effect mech-
anism of Fe;GaTe,, we conducted DFT calculations (see
Supplemental Material [46] and Refs. [62-68] therein for
the details). Figure 6(a) shows the calculated electronic band
structure of Fe;GaTe, along the high-symmetry directions
within its Brillouin zone. The states along the K-I", '-M,
and M—K directions can be classified by the eigenvalues of
the mirror operator C; around the crystallographic ¢ axis.
Likewise, the states on the K—H path can be classified by
the eigenvalues of the threefold Cs rotation operator around
the crystal ¢ axis. Near the K point, the Fermi energy crosses
the band edges, leading to small Fermi surface (FS) pockets.
We observe a Weyl node formed along the K—H direction,
which is protected by the band crossing between states having
distinct eigenvalues. This node is the trace of a nodal line that
is protected by the Cs, symmetry in the absence of spin-orbit
interaction. Large FS pockets are formed near the I" point.

Band-resolved Berry curvature is shown in Fig. 6(b). The
Berry curvature is distributed throughout the entire Brillouin
zone. We identified the energy regimes where the Berry cur-
vatures are particularly strong by calculating the chemical
potential-dependent value of the Hall conductivity o,,, which
is shown in Fig. 6(c). The momentum-resolved Berry curva-
ture map indicates that the Berry curvature contribution is
particularly strong around the I' and K points, as shown in
Fig. 6(d). The reader can compare this panel with the distri-
bution of Berry curvature, at different values of the chemical
potential, displayed in Fig. S8 within the Supplemental Ma-
terial [46]. Around the T' point, the distribution of Berry
curvature is consistently similar regardless of the position
of the chemical potential. On the other hand, around the K
point, the distribution and sign of the Berry curvature become
strongly dependent on the chemical potential. We conclude
that the dependence of the anomalous Hall conductivity as
a function of the chemical potential is mainly caused by the
Berry curvature around the K point, with the I" point providing
an overall positive contribution.

In a simple model, the large contribution of Berry curvature
is explained by the specific location of the Fermi level, which
is located within the gap or at the band edges between the
conduction and valence bands [7,60]. This results from the
two-band model, where the contribution of the Berry curva-
ture associated with the conduction and valence bands nearly
cancel each other. The Berry curvature distribution near the
K point of Fe;GaTe, behaves similarly. Near the K point,
one observes that some bands are paired by providing pos-
itive and negative contributions. This is expected since the
origin of the Berry curvature along the K—H path is a gapped
nodal line. The caveat with this simple model is the resonant
increase of the AHC, which requires a precise Fermi level
placement within a narrow window of energies. However, if
the Berry curvature distribution results from many bands, i.e.

more than two, it can spread over a broad range of energies,
which is precisely the result of our calculations around the I
point.

III. CONCLUSIONS

In this study, we observed a clear crossover between the
dirty and the moderately dirty regime in the anomalous Hall
response of Fe;GaTe,. The large value of the saturating
anomalous Hall conductivity ~ 420 Q! cm™!, which is close
to the quantized value ~e?/hd ~ 477 Q~'cm™!, coupled
with its disorder independence, exposes a significant intrinsic
contribution to the anomalous Hall response of Fe;GaTe;.
Disorder in samples located in the low-conductivity region,
where o, o8, is supported by a TEM study and the broad-
ening of the first-order transition towards the ferrimagnetic
ground state. Therefore, Fe;GaTe, offers, in a single com-
pound, a clear example of the crossover between dirty and
intrinsic regimes, which was inferred from measurements in
distinct ferromagnets [7,43,60]. Our calculations and analysis
reveal that a sizable Berry curvature distribution around the
I' point provides the dominant contribution to the intrinsic
anomalous Hall. This contrasts with previous reports that em-
phasized the importance of the small FS pockets around the K
point [26], thus deepening our understanding of the intrinsic
anomalous Hall regime of Fe;GaTe,.
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