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Electron-electron interaction (EEI), a quantum effect that occurs in low-dimensional or disordered systems
at low temperatures, is an important issue in electron transport phenomena, especially in the anomalous Hall
effect (AHE). Nevertheless, the role of EEI correction to the AHE is overlooked in conventional magnetic metal
systems and the scaling exponents of the power-law fits are not consistently at the systems with sufficiently high
disorder. Here, we demonstrate that EEI does correct to the AHE and cause In7-type temperature dependence of
sheet resistance R,, (conductance G,,), anomalous Hall resistance Ray, and anomalous Hall conductance Gpy
in ultrathin high-quality FeCo films in the low-temperature region. Furthermore, the scaling exponent y ~ 1
is acquired through the power-law fits of Gau ~ G7, by varying temperature or thickness, suggesting that EEI
corrects to skew scattering and definitely results in skew scattering dominating AHE in the bad metal regime

(04 < 1 x 10* S/cm).

DOLI: 10.1103/PhysRevB.109.144416

I. INTRODUCTION

The anomalous Hall effect (AHE) is a remarkable topic in
condensed matter physics that exists in systems with broken
time-reversal symmetry [1,2]. In particular, the AHE occurs
in ferromagnetic metals as a consequence of spin-orbit cou-
pling (SOC) [1,3-7]. It is generally accepted that the AHE
originates from three different mechanisms: skew scatter-
ing, side jump, and an intrinsic mechanism, i.e., anomalous
Hall (AH) conductivity, oan = o3, + 0y + o, (conduc-
tance Gany = G%¥,; + Gij; + G%y) [1]. The skew scattering
is derived from considering an asymmetric scattering from
impurity with SOC, which is proportional to the transport
relaxation time 7 and gives G5y o 7! o« G!, (G, is the sheet
conductance) [4,5]. The side jump is a sudden displacement
of conduction electrons scattered by impurity potentials in
the presence of SOC [6]. The intrinsic mechanism, however,
arises from the transverse velocity of spin-polarized conduc-
tion electrons induced by SOC and interband mixing [3].
Significantly, this mechanism could be associated with the
integral of all the Berry curvatures over the whole Brillouin
zone [8,9]. In contrast to skew scattering, both the side jump
and the intrinsic mechanism are independent of 7, and yield
Gl (G0 o G2, [1,6,9].

A significant issue in the AHE is the quantum correc-
tion from weak localization (WL) and/or electron-electron
interaction (EEI) in the systems with lower dimensionality
and/or strong disorder strength at sufficiently low temper-
atures [1,10-14]. Bergmann and Ye [15] first showed that
the AH conductivity was independent of temperature at low
temperatures in ultrathin amorphous Fe films, despite that
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InT-type dependence on sheet and AH resistances was found.
They proposed that the EEI correction to the AHE vanished
while the WL correction was suppressed by magnetic scat-
tering. The results were further supported by Langenfeld and
Wolfle, and they proposed that Coulomb anomaly terms due
to Altshuler-Aronov corrections cancel identically from the
anomalous Hall conductivity by an explicit calculation [16].
Then the early theoretical calculations pointed out that the
EEI correction to the AHE disappeared for general symmetry
reasons (the presence of mirror symmetry) [17]. Conversely,
the WL correction to the side jump is absent, but that to the
skew scattering is nonzero [18]. The observed quantum cor-
rections to the AHE at low temperatures were spontaneously
attributed to WL in subsequent experimental works, such as
in Fe [19,20], Ni [21], FePt [22], and CoFeB films [23].

In contrast to WL, the EEI correction to the AHE was
only experimentally reported in CNi3 films [24] and n-type
HgCr,Sey crystals [25], and was associated with the density
of states (DOS) near the Fermi energy and possible mirror
symmetry breaking, respectively. Recently, Li and Levchenko
[26,27] theoretically suggested that the EEI in the Cooper
channel can cause a temperature-dependent correction to the
AHE even for nonsuperconducting materials, which should
account for the case in HgCr,Se4. So far, it remains unclear
whether the EEI corrects to the AHE or not in conventional
magnetic metal systems. The theoretical calculation indicates
the EEI correction mainly comprises the contribution of Maki-
Thompson (MT) and DOS terms [26-31]. Both MT [29,31]
and DOS [30] terms contribute to skew scattering; never-
theless, the side jump only exists in the DOS contributions
[26,27,32]. Based on the different dependence of Gﬁ‘H and

GﬂH on G,,, the AHE in the systems with EEI correction
was scaled by the power-law fits of Gay ~ G%,, and various
values of y (= 2) were observed [24,25]. However, these
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results diverge from not only the relations of G%; oc G!,

(skew scattering) and GfiH x ng (side jump), but also the
universal scaling relation of Gay o< G1% in the bad metal
regime (o, < 1 x 10* S/cm) [1,33-35]. Therefore, it is nec-
essary to determine whether the EEI correction to skew
scattering or side jump dominates the AHE in the low-
temperature region.

In the present work, we report a In7-type EEI correction
to the AHE in ultrathin high-quality FeCo films. The WL is
excluded by analyzing the temperature dependence of sheet
conductance G,, and the nearly constant values of dG,, /dInT
under different magnetic fields. The EEI correction to the
AHE has been identified using Bergmann and Ye’s nota-
tion. Furthermore, the skew scattering dominating the AHE
is determined by the power-law fits of Gay ~ G4 (y ~ 1)
as varying temperature or thickness, suggesting that the EEI
mainly corrects to skew scattering at low temperatures.

II. EXPERIMENT

The epitaxial FeCo films with thickness varying from
1.0 to 3.0 nm were grown on MgO(001) substrates in a
custom-built molecular beam epitaxy (MBE) system. The
sample growth conditions are consistent with our previous
work [36]. Nucleation and growth were monitored in situ
by reflection high-energy electron diffraction (RHEED). The
crystal structure and orientation of the films were assessed
by high-resolution x-ray diffractometry (HRXRD) (X'Pert?
MRD, PANalytical, Netherlands). The transport measure-
ments were performed on a physical property measurement
system (PPMS, Quantum Design Inc., San Diego, CA) by a
standard four-probe method with the current applied along the
MgO[100] direction.

III. RESULTS AND DISCUSSION

The surface morphology and crystal quality of FeCo films
are first elucidated. The RHEED patterns of the MgO(001)
substrates and FeCo film surfaces were taken along different
orientations before and after film growth, respectively. Fig-
ures 1(a) and 1(b) display the stationary RHEED patterns
of the MgO(001) surface taken along the (100) and (110)
azimuths prior to FeCo growth, respectively. The insulating
nature of the MgO(001) substrate leads to the fuzzy distorted
pattern by substrate charging. Figures 1(c) and 1(d) [Figs. 1(e)
and 1(f)] show the RHEED patterns of the FeCo surface taken
along the (100) and (110) azimuths of MgO, respectively,
with FeCo films grown to a thickness of 1.0 (3.0) nm. A
series of distinct streaks is observed even for 1.0-nm FeCo
films. The results indicate that the FeCo films exhibit a smooth
single-crystal surface and the electrons are reflected from the
surface. In this reflection mode, the incident electrons only
penetrate the very top atomic layer and the reciprocal lat-
tice rods would become narrow streaks [37]. The traditional
geometrical lattice matching theory allows us to assert an
expected orientation relationship of body-centered cubic (bcc)
FeCo(001) (110)||MgO(001) (100).

The HRXRD measurements are performed for the FeCo
films. Figures 2(a) and 2(b) show symmetric and asymmet-
ric HRXRD spectra for 1.0-3.0-nm FeCo films grown on
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FIG. 1. Surface morphology of FeCo films. RHEED patterns
of the MgO(001) and FeCo surfaces taken along azimuths (a)
MgO[100], (b) MgO[110], (c) 1.0-nm FeCo[110], (d) 1.0-nm
FeCo[100], (e) 3.0-nm FeCo[110], and (f) 3.0-nm FeCo[100],
respectively.

MgO(001), respectively. As the film thickness d increases, the
diffraction peak of FeCo(002) planes around 26 = 66.3° oc-
curs at d = 1.3 nm (~9 monolayers). The peak is apparent at
d = 2.0 nm (~14 monolayers). These results testify to the for-
mation of bce structure, and the out-of-plane lattice parameter
is about 2.82 A [38]. Compared with the thick film, the lattice
parameter is about 1% smaller, which should be attributed to
the epitaxial stress [36]. On the other hand, the unambiguous
FeCo(101) diffraction peak is recognized at a thickness of
only 1 nm (~7 monolayers). These results demonstrate the
excellent crystal quality of FeCo films. Figure 2(c) shows
the ¢ scans of the MgO(202) and FeCo(101) planes of the
3-nm FeCo films. The 90°-interval reflections indicate an in-
plane fourfold symmetry. A relative 45° rotation of the FeCo
films with respect to the MgO substrate is observed, revealing
the epitaxial growth of the films. This is corresponding to
the RHEED results shown in Fig. 1. Figure 2(d) exhibits the
residual resistivity o, [obtained by the conversion of Drude
conductance Gy (= 1/Ry0) [19], see below] as a function
of thickness d for FeCo films. According to Matthiessen’s
rule [39,40], pyo results from static scattering by impurities
and is temperature independent. The p,,o increases and repre-
sents a sixfold change with decreasing d, indicating the fact
that surface scattering is dominant in the present FeCo films
[19,41]. It is worth noting that p,,o decreases continuously as
d increases for varying d from 1.0 to 43.8 nm, as shown in
inset in Fig. 2(d). This suggests that the density of impurities
is controlled by the film thickness d, which is analogous to
doping layers of impurities to the bulk single-crystal FeCo
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FIG. 2. Crystal quality and surface scattering of FeCo films.
(a) Symmetric and (b) asymmetric HRXRD spectra for 1.0-3.0-nm
FeCo films. (c) HRXRD azimuthal ¢ scans of the bcc FeCo(101)
and MgO(202) planes for 3.0-nm FeCo films. (d) Thickness d de-
pendence of the residual resistivity py, for 1.0-3.0-nm FeCo films.
Inset: The p.o as a function of d for 1.0-43.8-nm FeCo films.
Note that the data of 4.1-43.8-nm FeCo films are obtained from our
previous work [36]. The red lines are a guide for the eye.

alloys [36,41,42]. When the density of layers is relatively high
(i.e., the film thickness d is small), the electrical transport
phenomenon may be affected by quantum effects such as WL
and/or EEI at sufficiently low temperatures [10-13].

The low-temperature electronic transport properties of
FeCo films are then measured. Figures 3(a) and 3(b) show
the normalized sheet resistance R,, and AH resistance Ray
as a function of temperature 7 for FeCo films with different
thickness, respectively. Evidently, the R, shows an insulating
behavior for 1.0-3.0-nm FeCo films in the low-temperature
region, i.e., dR,,/dT < 0. Except for 1.0-nm FeCo films,
all the other films exhibit metallic R, (dR../dT > 0) at
high temperatures. The minimum values of R,, correspond
to Tmin = 140, 60, 35, 25, and 20 K for 1.3-, 1.6-, 2.0-, 2.5-,
and 3.0-nm FeCo films, respectively. The increase in R,, for
T < Tnin can be attributed to the quantum correction of WL
and/or EEI to Drude resistance [13].

In a two-dimensional (2D) or quasi-two-dimensional sys-
tem, the temperature dependence of sheet conductance G,y
(= 1/R,,) can be expressed as [11,13,22,43]

G =G+ pim( L) +a—mEm( L), a

xx( )— 0+Pﬂh n<%>+( )7Th n<To>’ ()
where Gy is Drude conductance, and the second and third
terms on the right-hand side stand for the correction of WL
and EEI, respectively. Herein, p is a temperature exponent of
the inelastic scattering length and F is a screening coefficient
with 0 < F < 1. Note that the value of p is determined by
inelastic relaxation mechanisms: p = 1 for electron-electron
scattering and p = 2/3/4 for electron-phonon scattering (de-
pending on the material and temperature) [13]. According to
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FIG. 3. Quantum corrections to sheet resistance and AH resis-
tance. [(a), (b)] Temperature dependence of the normalized sheet
resistance R,, and anomalous Hall resistance Ray for FeCo films
with various thicknesses, respectively. (¢c) G, as a function of
In(7T/Ty) for 1.6-nm FeCo films. T is taken as 60 K, which cor-
responds to the conductance maximum. The red line is the linear
fit according to Eq. (1), and the dependence of dG,,/dIn(T /T;) on
thickness d of FeCo films is shown in inset. (d) G,, as a function
of InT for 1.6-nm FeCo films in magnetic fields (0, 3, 6, and 9 T).
The inset shows dG,,/dInT as a function of magnetic field for FeCo
films with different thickness.

Eqg. (1), the G,, as a function of In(7/Tp) for 1.6-nm FeCo
films is shown in Fig. 3(c), for instance. A perfect linear fit
for the data between 2 and 20 K is observed, consistent with
the validity of the 2D assumption [11,13,22]. Here, Tj is the
temperature corresponding to T, = 60 K for 1.6-nm FeCo
films. The derived dG,,/dIn(T/T,) as a function of thick-
ness d is presented in the inset of Fig. 3(c). As d increases,
dG,,/dIn(T /Ty) generally decreases, indicating the decline
of quantum correction to sheet conductance G,,. It is worth
noting that the value of dG,,/dIn(T /T;) is on the order of
1 x 107% S and one order smaller than ¢?/mh (1.233 x 107>
S), suggesting that p + (1 — F') ~ 0.1. Considering that p is
an integer and p > 0 if a system exhibits a quantum correction
from WL [11,13], p =0 can be distinctly determined. The
result manifests that the WL correction to G, is negligible
and only EEI provides a correction to G,, in FeCo films in the
low-temperature region. In fact, p + 1 — (F) ~ 1 was shown
in FePt [22], Fe [15,20], and CoFeB films [23], because only
WL exists in these systems. It was also reported that p +
1 — (F) < 1 in polycrystalline systems with WL correction
(1 — F = 0), such as Fe [20] and Ni films [21], which was at-
tributed to the intergranular tunneling effect using the granular
model. Conversely, for polycrystalline systems with EEI cor-
rection (p = 0), the intergrain-type EEI correction may cause
p+ (1 —F)> 1(F <0), such as in the case of polycrys-
talline Sn-doped indium oxide films. For a single-crystalline
system, however, the intergranular effect was absent and
conventional EEI theory (Altshuler-Aronov type) gives rise
top+ (1 —F) < 1(p=0and F > 0) [44]. Furthermore, the
values of F increase as film thickness increases, which is
similar to the dependence of dG,./dIn(T /Ty) [=p + (1 — F)]
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decreasing with increasing d shown in the inset of Fig. 3(c)
[44]. These results reveal the absence of the intergranular
effect in present FeCo films. This can be attributed to the
excellent crystal quality and surface morphology of these
samples (Figs. 1 and 2).

Furthermore, one can exclude the WL correction to Gy,
by the nearly constant values of dG,,/dInT under magnetic
fields (on the order of tesla or less), because the WL is usually
suppressed in a strong magnetic field [11,25,45]. Figure 3(d)
displays the dependence of the sheet conductance Gy, on InT
for 1.6-nm FeCo films in magnetic fields from zero to woH =
9 T. It is evident that G,, has a linear dependence on In7 in
the temperature range 2—-20 K. The values of d G, /dInT as a
function of magnetic field for FeCo films with different thick-
ness are shown in the inset of Fig. 3(d). The nearly constant
values of dG,,/dInT clearly demonstrate the irrelevance of
WL in present FeCo films. These results further confirm that
only EEI provides a correction to Gy,.

Now we turn to explore the EEI correction to AH con-
ductance Gap [=Ran/(Ry + R2,)] in the low-temperature
region (2-20 K). It is observed that the AH resistance Ray
and conductance Gay have logarithmic temperature depen-
dence (see Sec. 1 and Fig. S1 in the Supplemental Material
[46]). According to Bergmann and Ye’s notation [16], the
normalized relative changes ANR,., ANRxy, and AN Gay
can be used to represent quantum corrections to Ry, Rag,
and Gag, respectively. Here, the normalized relative change
is defined as AN Qij = [7T/’l/(€2R0)(8Q,'j/Qij)] with SQij =
Qii(T)— Q;; (2 K) and Ry = R(2 K) [20]. For all FeCo
films, [8Ry| < Ry and Rap(T) < Ry(T), so that ANR,,,
AN Ry, and AN Gy can be expressed as

ANR 7h 1\ (SR, (T oa)
=|—— = —AgrIn( — ), a
“ 7\ e Ry )\ Ry A\ n

wh 1 (SRAH T
ARy = | —— = —Aauln| — 2b
AH <€2R0>(RAH> AHH<T0) (2b)
and

wh 1 (SGAH T
ANGay = = —Agln| — |, 2
Al ( 2 R0><GAH) Gn<To> 20

respectively. In fact, Ag = 2Ar — Aapg can be deduced by the
above equations, and if Ag # O then the quantum correction
does contribute to the AH conductance Gay [16,20,22].
ANR.., AN Ray, and AN Gay as functions of In7 for 1.6-
nm FeCo films are shown in Fig. 4(a), for example. It is
evident that AN Q; ; fits well linearly with InT at 2-20 K, and
the prefactors Ag = 0.1012, Apy = 0.135, and Ag = 0.059
can be derived based on Eqs. (2). Note that Ag is directly
acquired from the fits using Eq. (2c¢). Figure 4(b) shows
the prefactors as a function of thickness d for FeCo films
with different thickness. The values of Ag are very close to
2AR — Aap for all the films, revealing that the fits are accurate
for all samples. What is prominent is that Ag is obviously
greater than zero for 1.0-1.6-nm FeCo films, indicating that
the EEI correction to Gay is nonzero [15,20,22]. This is
unusual because EEI is generally believed to be uncorrected
for both skew scattering and side jump for general symmetry
reasons [16,17]. It had only been reported that EEI corrected
to AHE in ultrathin CNi; films [24] and n-type HgCr,Seq4
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FIG. 4. EEI correction to AH conductance. (a) InT dependence
of normalized relative changes in the sheet resistance R,,, anoma-
lous Hall resistance Ray, and anomalous Hall conductance Gy for
1.6-nm FeCo films. The straight lines are the linear fits to the data
from 2 to 20 K. (b) Prefactors Agr, Aan, Ag, and 2Agr — Aay as a
function of thickness d for FeCo films.

[25], and was associated with the DOS near the Fermi en-
ergy and possible mirror symmetry breaking, respectively.
Recently, Li and Levchenko [26] proposed that EEI in the
Cooper channel produces temperature-dependent corrections
to the AH conductivity even for nominally nonsuperconduct-
ing materials at low temperatures, and may provide a possible
explanation for the unconventional temperature dependence
of the AHE in HgCr,Se4. Consequently, the EEI correction
to the AHE in ultrathin FeCo films may be attributed to the
electron interactions in the Cooper channel [26]. In addition,
the value of Ag decreases as d increases from 1.0 to 1.6
nm, maybe due to the reduction of the disorder strength for
FeCo films [25]. According to the 2D localization theory, the
disorder strength can be represented by disorder parameter
krl, and strong disorder strength corresponds to small kgl
[22,47]. The value of kgl can be calculated from the R,, using
kel = (h/e*)/R = Gy /(€2/h) in a 2D system, where kg is
the Fermi wave number, / is the elastic mean free path, and
h/ée* is the quantum resistance [13,47]. As d decreases from
1.6 to 1.0 nm, kg/ of FeCo films decreases from 4.2 to 0.88 at
2 K. Significantly, kgl = 0.88 for 1.0-nm FeCo films is lower
than the Ioffe-Regel limit (kgl ~ 1). Even so, G,,, Ray, and
Gay show a linear dependence on InT at 2-20 K (Fig. 3 and
Fig. S1 in the Supplemental Material [46]), which follows the
characteristic behavior in a weakly localized regime [13]. This
is different from the case in polycrystalline CNij films and
FePt films, in which G,, (or R,,) depends on T'/? (or T~'/3)
for samples with kgl < 1 [22,24]. The results may be because
impurity scattering is dominated by surface scattering in FeCo
films, which benefits from the excellent crystal quality and
surface morphology. Up to d > 2.0 nm, the Ag is close to zero
and does not change with d, indicating that EEI correction
to Gay is negligible for 2.0-3.0-nm FeCo films. This finding
corresponds to the transport character in a weakly disordered
regime (kpl > 1).

To expose the evolution of the AHE with varying temper-
ature 7 and to scale the AHE for 1.0-1.6-nm FeCo films,
log-log plots of the AH resistance Ray (conductance Gap)
as a function of the sheet resistance R,, (conductance G,,)
are shown in Fig. 5. Note that the data are discussed un-
der the resistance and conductance representation because
of the 2D nature of the transport [24]. Here, Rq = h/é*
stands for the quantum resistance. The good linear depen-
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FIG. 5. Scaling of AHE by varying temperature. [(a)—(c)] Log-
log plot of the anomalous Hall resistance Ray of 1.0-, 1.3-, and
1.6-nm FeCo films as a function of the sheet resistance R, with
varying temperature. Ro = h/é? is the quantum resistance. The solid
lines provide a guide for the eye. [(d)—(f)] Log-log plot of the anoma-
lous Hall conductance Gy of 1.0-, 1.3-, and 1.6-nm FeCo films as a
function of the sheet conductance G,, with varying temperature. The
solid lines are the separate power-law fits to the data from 2 to 20 K.

dence of Ray on R, at a temperature range of 2-20 K for
1.0-1.6-nm FeCo films is apparent in Figs. 5(a)-5(c). The
power-law fits of Gag ~ G% (2-20 K) in Figs. 5(d)-5(f)
derive the exponents y = 1.07 £ 0.01, y = 0.89 +0.03, and
y =0.74 £ 0.01 for 1.0-, 1.3-, and 1.6-nm FeCo films, re-
spectively. It is well known that the AHE originated from
three different mechanisms: skew scattering, the side jump,
and an intrinsic mechanism (Gayg = Gfi‘H + G?H + GX‘H)
[1]. These mechanisms yield diverse dependences of AH
conductance Gy on sheet conductance G,,: skew scattering
gives Gapg ~ G! , while the side jump and intrinsic mecha-
nism give Gapg ~ ng. Therefore, the scaling exponent y ~ 1
for 1.0-nm FeCo films suggests that Gay is completely domi-
nated by the skew scattering. It manifests that the EEI mainly
corrects to skew scattering and leads to the contribution of
skew scattering dominating the AHE of 1.0-nm FeCo films
in the low-temperature region. Interestingly, the values of y
decrease as d increases, indicating the reduced contribution
of skew scattering and enhanced contribution of the side jump
and/or intrinsic mechanism to AHE. Specifically, the disorder
strength kg/ of FeCo films is reduced with increasing d, caus-
ing weakened EEI correction to skew scattering. Additionally,
the contribution of the intrinsic mechanism to the AHE would
increase due to the enhanced Berry curvature with increasing
d [1,19]. Tt is also worth noting that the temperature-related
side jump contribution cannot be ignored even in the low-
temperature region in the present FeCo film system while
varying T (see Sec. 2 and Fig. S2 in the Supplemental Material
[46]) [36].
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FIG. 6. Scaling of AHE by varying sample thickness. (a) Log-log
plot of the anomalous Hall resistance Ry of FeCo films as a function
of the sheet resistance R,, at 2 K. The solid lines provide a guide for
the eye. (b) Log-log plot of the anomalous Hall conductance Gan
as a function of the sheet conductance G, at 2 K. The solid lines are
separate power-law fits to the low- and high-conductance data, giving
exponents of y = 1.01 £0.05 and y = 0.74 £ 0.01, respectively.
Note that the data of 4.1-43.8-nm FeCo films are obtained from our
previous work [36].

Furthermore, the disorder strength of ultrathin films can
be tuned by varying thickness in the low-temperature limit
(2 K) [22,24]. The log-log plots of data at 2 K for FeCo films
with different thickness d are performed in Fig. 6. Note that
the data of 4.1-43.8-nm FeCo films are obtained from our
previous work [36]. Figure 6(a) shows the AH resistance Ray
as a function of sheet resistance R,, at 2 K. It is evident that
Ran changes almost linearly with Ry, for R, < h/(4.22¢?)
and R, > h/(4.22¢%), respectively. The result suggests that
R, ~ h/(4.22¢%) is a conversion point in FeCo films. This
crossover corresponds to a film thickness of d = 1.6 nm, sim-
ilar to the case of 2.0 nm in CNijs films [24] and 3.0 nm in FePt
films [22]. But the difference is that Ray remains unsaturated
as R,, increases through the threshold of the metal-insulator
transition for 1.0-3.0-nm FeCo films (kgl ~ 0.88—18.3). The
AH conductance Gy as a function of sheet conductance G,
at 2 K is displayed in Fig. 6(b). As G, increases for FeCo
films with d = 1.0—1.6 nm, where Gap is well demonstrated
to receive an EEI correction, the scaling of Gay ~ GY%, yields
an exponent y = 1.01 +0.05. Otherwise, y = 0.74 £ 0.01
for FeCo films with Gy, > 4.22¢?/h (d = 2.0—43.8 nm) at
2 K. According to the scaling relations, the scaling exponent
y ~ 1 suggests that Gay is completely dominated by the
skew scattering. It manifests that the EEI corrects to skew
scattering of the AHE and leads to the contribution of skew
scattering dominating the AHE for 1.0-1.6-nm FeCo films at 2
K. These results are consistent with the case of varying 7 from
2 to 20 K for 1.0-nm FeCo films. Moreover, the reduction
of y for FeCo films with G, > 4.22¢?/h may be due to
the increased contribution of the side jump and/or intrinsic
mechanism to the AHE [1,19,24,36]. Distinctly, there is a cor-
responding crossover at Gy, ~ 4.22e2/h[Rxx ~ h/(4.22€2)],
consistent with the thickness (d = 1.6 nm) where the EEI
correction to the AHE begins to disappear, shown in Fig. 4(b).
This crossover could be associated with the sheet resistance
R, of FeCo films at 2 K. Here we take the DOS term of the
EEI correction, for example, considering the previous works
[24,26,27,48-50]. While R,, < R, the EEI correction to the
AHE vanishes, corresponding to the little influence of EEI on
the DOS [24,48]. As R, — Rq/4, the DOS near the Fermi
energy rapidly depletes due to the EEI, and a Coulomb gap
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begins to open in the DOS spectrum, corresponding to EEI
gradually correcting to the AHE [24,48-50]. As a result, the
EEI correction to the AHE clearly presents when Ry, > Rq/4.
To gain a complete understanding, it is important to point
out that the disorder strength of samples can be tuned by
varying thickness d or temperature 7, but the effect can be
quite different (see Sec. 3 and Fig. S3 in the Supplemental
Material [46]; see also Refs. [51-53]). This is owing to the
expectation that for EEI correction and impurity scattering,
temperature-dependent (phonon and/or magnon) scatterings
may also contribute to G,,(7) and Gag(7) while T is higher
than the low-temperature limit (2 K) [54]. In particular, the in-
trinsic mechanism may also show temperature dependence in
some systems, such as Ni films [55]. Moreover, the variation
in thickness can also affect the contribution of the intrinsic
mechanism, because the incomplete band structure of ultra-
thin films may decrease the integral of all the Berry curvatures
over the whole Brillouin zone [1,9,19]. Nonetheless, the case
of varying d or T can be understood because the EEI correc-
tion is closely related to the film initiatory disorder strength
(kgl at 2 K). Note that the quantum corrections in the low-
temperature region would be quickly destroyed by increasing
T [13]. Only strong EEI can correct to the AHE while raising
T in the low-temperature region, such as 1.0-1.6-nm FeCo
films with kgl ~ 0.88 — 4.22 (R, 2 Ro/4). Additionally, the
shrinking disorder strength would cause weakened EEI cor-
rection to skew scattering as d increases, resulting in reduced
contribution of skew scattering to the AHE. As a result, the
exponent y obtained from the scaling of Gau(T) ~ G4 (T)
changes from ~1 to ~0.74 as d increases from 1.0 to 1.6
nm. In the process of raising temperature 7, the possible
temperature-related contribution to the AHE cannot be ig-
nored. On the other hand, for increasing film thickness d at
2 K, the reduced disorder strength related to the EEI cor-
rection and enhanced contribution of the intrinsic mechanism
would prevent skew scattering from dominating the AHE at
a crossover thickness. Eventually, a crossover thickness exists
ind = 1.6 nm in FeCo films system [Figs. 4(b) and 6].
According to our limited knowledge, y ~ 1 has not been
experimentally reported and is fundamentally different from
the universal scaling exponent y ~1.6 in the bad metal regime

(00 < 1 x 10* S /cm) [1,33-35]. Generally, the contribution
of skew scattering is proportional to the Bloch state transport
lifetime and seems to dominate the AHE in nearly perfect
crystals with oy, > 1 X 10°S /cm [1,4,5]. The unconventional
dependence of y ~ 1 indicates that EEI does correct to
skew scattering so that skew scattering dominates the AHE
for 1.0-nm FeCo films (oy ~ 5 x 10° S/cm) in the low-
temperature region [for 1.0-1.6-nm FeCo films at 2 K (oy, ~
(5-15) x 10°S /cm)]. This result may be understood by con-
sidering that both MT [29,31] and DOS [30] terms contribute
to skew scattering, but only the DOS term contributes to the
side jump [26,27,32]. Importantly, the skew scattering results
in a more pronounced temperature dependence and stronger
dependence on impurity scattering coefficients [27]. These
results suggest that the EEI correction to skew scattering over-
comes the correction to the side jump for ultrathin FeCo films.

IV. CONCLUSION

In summary, we have systematically explored the quantum
corrections to sheet conductance and anomalous Hall conduc-
tance for ultrathin single-crystal FeCo films. It is confirmed
that the electron-electron interaction (EEI) corrects to sheet
conductance while weak localization is absent in the low-
temperature region in FeCo films. Moreover, the resulting
exponent y ~ 1 of the AHE scaling [Ganu(T) ~ G%(T)] is ob-
served whether the disorder strength is tuned by varying thick-
ness d at 2 K or by changing temperature T at d = 1.0 nm,
indicating that EEI corrects to skew scattering and makes
skew scattering dominate the AHE at low temperatures.
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