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Enhancement of phonon skew scattering in epitaxial Pt/Co/Pt trilayers by crystal engineering
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Three types of (111)-oriented Pt/Co/Pt trilayers with single-crystalline structures on MgO substrates were
fabricated to investigate the mechanisms of the anomalous Hall effect. By introducing 2-monolayer (ML) Cr
insertion between a MgO (001) substrate and a Pt underlayer in Pt/Co/Pt epitaxial structures, the Hall resistivity
is significantly enhanced compared with that of single-crystalline Pt/Co/Pt deposited on a MgO (111) surface.
Furthermore, the detailed crystalline structures were characterized by in situ reflection high-energy electron
diffraction, low-energy electron microscopy, and low-energy electron diffraction. It suggests that a twinning
structure of the 7-ML ferromagnetic Co layer, which is composed of two twinned traces differing by 90°,
can be achieved by crystal engineering with Cr insertion. By fitting with proper scaling of anomalous Hall
effect, the dominant contribution to the Hall resistivity can be confirmed as skew scattering, and the remarkable
enhancement of py, is attributed to the high phonon skew scattering parameter originating from the specific

twinning structure.

DOL: 10.1103/PhysRevB.104.214417

I. INTRODUCTION

It is widely recognized that the spintronic device with per-
pendicular magnetic anisotropy (PMA) has been a prominent
topic in condensed matter physics for decades [1-8]. The
anomalous Hall effect (AHE) has attracted great interest due
to its abundant physical mechanism [9-12] and broad applica-
tions for sensors and memories [13—16]. It is worth pointing
out that most of the theoretical studies of AHE have been
performed based on single-layer films with in-plane mag-
netic anisotropy [8,14,17-21], while magnetic multilayers
with PMA are beneficial for practical application [7,13,22—
24]. Therefore, it is necessary further clarify the detailed
mechanism of AHE in multilayers with PMA to promote
the performance of related spintronic devices. Three mecha-
nisms giving rise to AHE with different relationships between
the transverse resistivity (ox,) and the longitudinal resistiv-
ity (pxc) have been identified: (1) The intrinsic anomalous
velocity (pyy o p2,) results from spin-orbit interaction of spin-
polarized conduction electrons, which is perpendicular to the
electric field [9]. Chang and Niu later formulated the model
linking the intrinsic anomalous velocity to the Berry curvature
of the electronic band structure in momentum space [25]. (2)
The extrinsic contribution corresponding to skew scattering
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(pxy O pxx) is attributed to the asymmetric scattering rate from
impurities caused by spin-orbit coupling (SOC) which tends
to have a dominant role in nearly perfect crystals [10]. (3)
Furthermore the main source of the AHE current argued by
Berger is the extrinsic contribution from side jump scattering
(pxy o p2,) which is viewed as a sidestep type of scattering
arising from a sidewise shift of the center of the electron wave
packet caused by the extrinsic SOC [12]. Among the three
mechanisms, skew scattering will become dominant for AHE
in the limit of small disorder because of the linear scaling
of the skew scattering driven transverse resistivity with the
longitudinal resistivity [26].

Recent progress on the AHE mechanism has provided a
more complete framework for understanding this subtle phe-
nomenon and has, in many instances, replaced controversy by
clarity [17,27-29]. According to the Matthiessen rule, two
components originating from residual skew scattering and
phonon skew scattering will contribute to the skew scattering
resistivity. A theoretical study by Tian et al. also pointed out
that phonons should have a smaller role in skew scattering
[17,30]. To clarify the physical intension of the phonon skew
scattering in experiments, a specific system with consider-
able phonon scattering contribution of AHE is required to
be established. Moreover, it is reasonable to investigate the
AHE in a single-crystalline system with a low-disordered and
tunable structure. Moreover, the Pt/Co bilayered system is an
appropriate candidate due to strong spin-orbit coupling and
perpendicular magnetic anisotropy [31-35].
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In this work, the mechanisms of AHE with a focus
on skew scattering were investigated in epitaxial Pt/Co
multilayers with specific crystalline structures and remarkable
PMA. With 2 monolayers (ML) insertion of Cr, a specific
structure with two twinned traces differing by 90° can be
formed by crystal engineering which results in an enhanced
contribution of skew scattering to anomalous Hall resistivity.
By extracting the contributions of the physical mechanism
with the acknowledged scaling of AHE [17], the skew scatter-
ing contribution is dominant in the anomalous Hall resistance
and the increase of the anomalous Hall resistance can be
attributed to the phonon skew scattering. This work is of vital
importance to understand the physical mechanism of phonon
skew scattering in AHE, and provides a promising approach to
promote the performance of the spintronic devices by tailoring
crystal structures.

II. EXPERIMENTAL METHODS

Thin-film fabrication. The epitaxial films were deposited
onto polished MgO (111) and MgO (001) single-crystal sub-
strates using a molecular beam epitaxy (MBE) system with
a base pressure superior to 7.0 x 10~'" mbar. The MgO
substrates were cleaned by acetone and isopropanol in an
ultrasound bath and annealed at 750 °C for 2 h in the MBE
chamber prior to the deposition. One of the MgO (001) sub-
strates had 2-ML Cr inserted to regulate the interface lattice
stress. A 36-ML Pt layer was directly deposited on the sur-
face of the MgO (111) and MgO (001) substrates at 100 °C
and was annealed for half an hour at 600 °C to release the
lattice stress and to flatten the surface. Afterwards, a 7-ML
Co layer and an 11-ML Pt layer were epitaxially deposited at
100 °C successively. The top Pt layer was chosen to avoid the
degradation of Co, and to ensure a high quality of epitaxial
crystalline structure. The deposition rates for Pt and Co layers
were controlled to be 0.048 and 0.028 A /s, respectively. The
films were patterned into Hall bar devices using standard
photolithography and etching processes. The width of the Hall
bar was 30 um.

Measurements. The formation of epitaxial structure and
the high-quality surface was identified by in situ reflection
high-energy electron diffraction (RHEED) and ex situ
x-ray diffraction (XRD) with Cu K« radiation (A = 1.542 A).
The electric transport measurements at different temperatures
were carried out using a physical property measurement
system (PPMS DynaCool-14T). The low-energy electron
diffraction (LEED) data were acquired on a low-energy elec-
tron microscopy (LEEM) system with a base pressure greater
than 3 x 107" mbar which is connected to the MBE chamber.
Therefore, the sample can be immediately transferred to the
LEEM analysis chamber after deposition. A 5 pum sized
microdiffraction aperture was used to control the size of the
incoming electron beam through the prism to the sample,
which leads to the spot size of the microscope being limited to
185 nm on the sample, less than the size of the crystal domain.

III. RESULTS AND DISCUSSIONS

For the epitaxial growth of Pt on MgO substrates, there is a
parallel alignment between the epitaxial orientation of the Pt
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FIG. 1. XRD 6-20 scan for 36-ML Pt films deposited on MgO
(111) (blue line), MgO (001) (black line), and MgO (001)/Cr (2 ML)
(red line), respectively. All peaks are calibrated based on a standard
powder diffraction file (PDF) card of MgO for XRD with Cu Ko
radiation. The black dashed line marks the 26 of Pt (111) peak from
standard spectra (39.76°).

layer and MgO (111) substrates. However, a similar (111)-
oriented structure still can be formed of Pt directly grown
onto a MgO (001) surface at low deposition temperature due
to the interfacial energy minimum [36,37]. In addition, the
formation of (111) orientation of Pt can still be achieved when
2 monolayers (ML) of Cr was introduced between the Pt
underlayer and the MgO (001) substrate. This can be con-
firmed by the x-ray diffraction (XRD) patterns as shown in
Fig. 1. The strong Pt (111) diffraction peaks and multiple
interference peaks can be clearly observed in XRD patterns
of a 36-ML Pt layer epitaxially deposited on MgO (111),
MgO (001), and MgO (001)/Cr (2 ML) substrates, indicating
high-quality epitaxy of single-crystalline structure. The peak
of Pt is calibrated to be 39.61°, 39.71°, and 39.59° on MgO
(111), MgO (001), and MgO (001)/Cr (2 ML), respectively.
All peaks are in good agreement with the standard spectra of
which the peak of Pt (111) is located at 39.76°, suggesting
extremely small lattice distortion resulting from the lattice
mismatch between the Pt layer and substrates. In addition, it is
necessary to point out that the structural regulating effect by
ultrathin Cr insertion between the MgO (001) substrate and
the Pt layer is extremely sensitive to the thickness of the Cr
insertion. For example, a specific polycrystalline state with
the coexistence of a (111) plane and a (001) plane for the Pt
layer can be induced when the thickness of the Cr insertion is
increased to 3 ML. More detailed information can be found
in the Supplemental Material (Figs. S1 and S2) [38] (also see
[39D).

Due to the proximate lattice constant of Co and Pt, the
epitaxial orientation of Co can be determined by the Pt under-
layer. Therefore, a 7-ML Co layer was epitaxially deposited
on (111)-oriented Pt surfaces with slightly different distor-
tions mentioned above to investigate the AHE affected by
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FIG. 2. Schematic diagram for MgO substrates (a) S1, (b) S2, and (c) S3. RHEED patterns for (d) 7-ML Co, 36-ML Pt, and MgO (111)
substrate for S1; (e) 7-ML Co, 36-ML Pt, and MgO (001) substrate for S2; (f) 7-ML Co, 36-ML Pt, and MgO (001)/Cr substrate for S3 with
e beam along MgO [110] orientation for MgO (111) and MgO [110] orientation for MgO (001) substrates, respectively.

the crystalline structure. Three samples were grown with the
structure of Pt (36 ML)/Co (7 ML)/Pt (11 ML) on MgO (111)
(sample called S1), MgO (001) (S2), and MgO (001)/Cr (2
ML) (S3) substrates, respectively. The deposition processions
were monitored by in situ reflection high-energy electron
diffraction (RHEED) with the incident electron beam paral-
lel to the x axis defined in Figs. 2(a)-2(c). The sharp and
continuous diffraction streaks shown in Fig. 2 demonstrate a
high-quality epitaxial growth corresponding to S1 [Fig. 2(d)],
S2 [Fig. 2(e)], and S3 [Fig. 2(f)], respectively. The lattice
constants of the Pt (ap, = 3.92 A) and Co (ac, = 3.55A) lay-
ers with face-centered cubic (fcc) crystalline structure were
calculated in accordance with the distance between the specu-
lar streak and the first-order diffraction streak of the RHEED
patterns by the reciprocal relationship between real and recip-
rocal spaces. Therefore, the constants were calculated to be
apy = 3.90 A and ac,) = 3.58 A on a MgO (111) substrate,
app = 3.81 A and dcor = 3.49A on a MgO (001) substrate,
and aps = 3.83 A and ace3 = 3.57 A on a MgO (001)/Cr (2
ML) substrate, respectively. The lattice distortion between the
36-ML epitaxial Pt layer and the standard bulk Pt with fcc
crystalline structure can be defined as Aa = (apy; — apy)/apt,
where ap; (i = 1, 2, or 3) and ap, correspond to the crystal
constant of the 36-ML Pt layer and bulk Pt with fcc crystalline
structure (3.92 A). The lattice distortions of the Pt layer were
estimated to be —0.51% (S1), —2.81% (S2), and —2.30%
(S3), respectively, indicating a small lattice mismatch between
the Pt layer and substrates, in good agreement with XRD
results. Similarly, the estimated distortion of the Co layers was
0.85% (S1), —1.69% (S2), and 0.56% (S3), respectively. It
can be noticed that with 2-ML Cr insertion, the distortion due
to the relaxation of the interfacial lattice stress of the Pt layer

and the Co layer in sample S3 can be suppressed between the
Pt layer and the substrates compared to that of S2.

Based on the (111)-oriented growth of Pt/Co, the AHE in
the three epitaxial samples with good PMA were investigated
by transport measurements. Figure 3(a) illustrates the geome-
try of Hall measurement, where the AHE loops are obtained
by measuring the Hall resistance (Ry,) by sweeping the mag-
netic fields parallel to the z axis with current injection along
the x axis. The evidence of PMA can be directly seen from
a square hysteresis loop of AHE measurement. Figures 3(b)—
3(d) present the hysteresis loops for samples S1-S3 at various
temperatures ranging from 2 to 300 K. The sharp and square
loops indicate that the PMA can be well maintained at the
whole range of temperature for three samples. It should be
emphasized that an obvious change of R,, values at 300 K
[room temperature (RT)] can be seen, which is 75.6, 68.6, and
106.3 m2 for S1-S3, respectively. The R, of sample S3 with
2-ML Cr insertion at RT is 40.6% larger than that of the S1
and 55.0% compared to S2. Furthermore, the value of R,,
decreases with decreasing temperature, which is 1.27, 6.49,
and 21.28 m€2 at 2 K for S1-S3, respectively. The enhanced
ratio for S3 is 1576% and 228% at 2 K compared to S1 and
S2, respectively.

Moreover, the detailed mechanism of AHE in multilayers
can be further clarified by analyzing the transport results.
Figure 4(a) shows the anomalous Hall resistivity (ox,) as a
function of temperature (2-300 K). The value of p,, for three
samples shows a monotonic decrease with decreasing temper-
ature. The p,, of S3 is much larger than that of S1 and S2 in
the whole range of temperature. In partiular, Fig. 4(b) shows
the AHE loops of three samples at 2 K, indicating an extreme
difference of R,, at low temperatures.
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FIG. 3. (a) Schematic setup for AHE measurements. (b)—(d) AHE loops at different temperatures ranging from 2 to 300 K for (b) S1,

(c) S2, and (d) S3, respectively.
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FIG. 4. (a) p,, as functions of temperature for three samples ranging from 2 to 300 K. (b) AHE loops of S1, S2, and S3 at 2 K.
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TABLE 1. The extracted residual skew scattering coefficient ¢/,
phonon skew scattering coefficient @”, side jump scattering, and
intrinsic coefficient b for three samples on different substrates.

Substrate a a’ b(u2 'em™)
MgO(111)  —7.81x10™*  545x10~*  13.50 x 10~
MgO (001) —3.30 x 107* 9.89 x 107* 11.65 x 107
MgO (001)/ —16.49 x 10~ 26.0 x 107* 7.27 x 1073
Cr(2 ML)

The change of anomalous Hall resistivity can be defined as

Nba = (;Oxyb - pxya)/pxya(aa b=1, 2, or3),

and the temperature dependence of the calculated n3; and
n32 was shown in Fig. 4(c). Both n3; and 73, increase with
decreasing temperature and 73; shows a tremendous slope
compared to 13, at low temperatures. The n3; is enhanced
from 40.6% at 300 K to 1576% at 2 K, indicating a signifi-
cant impact of the structure in epitaxial Pt/Co bilayers on the
contribution from various mechanisms. Furthermore, a crucial
issue is the determination of the dominant mechanism respon-
sible for the AHE enhancement in sample S3 with 2-ML Cr
insertion between the Pt underlayer and MgO (001) substrate.

The measured p,, and py, under various temperatures
are then analyzed with the scaling law to separate the skew
scattering, side jump scattering, and intrinsic contributions
to the AHE in the multilayers. According to previous work
[14,17,29,40], different scaling laws describing p., in terms of
pxx have been presented. For the widely used scaling pag =
apxx + bp2,, the contribution to p,, from different mecha-
nisms cannot be ideally separated by fitting the relationship
between py, and p.., where a represents the contribution
from skew scattering and b is the combined contribution from
intrinsic Berry curvature and the extrinsic side jump mecha-
nism. It reveals that the contribution of three mechanisms in
the magnetic multilayers cannot be described perfectly with
this conventional model, and more sophisticated terms need
to be introduced to perform a clarification on AHE mech-
anisms in detail. By considering the separated contribution
from residual and phonon skew scattering instead of one term
in the conventional model, the modified fitting approach for
the mechanisms contributing to the anomalous Hall resistivity
can be described as pag = psk + b,ofx, where psk = @' pyr0 +
a" pxx(T') represents the combined contribution from residual
and phonon skew scattering [17]. The first term @’ reveals the
contribution from residual skew scattering, the second term
a” stands for the contribution from phonon skew scattering,
and the last term b is the combined contribution from intrinsic
Berry curvature and the extrinsic side jump mechanism. This
formula is deployed for fitting to obtain a’, @”, and b for three
samples, which is shown in Figs. 4(d)—4(f), respectively. Here,
Pxxo 18 approximated with p,, at 2 K [17]. It clearly indicates
that the relationship between p,, and py, can be well fitted by
applying the updated model. The fitted values of @', a”, and b
are listed in Table I.

It is evident that the values of b for three samples are
similar due to the limited thickness of the Co layer (7 ML).
This can be attributed to the finite-size effect imposing a

limitation to the mean free path of electron scattering which
suppresses the intrinsic contribution to anomalous Hall re-
sistivity [22,41]. For all three structures, a’ exhibits negative
signs of a” and b, indicating that the residual skew scattering
contributes to the anomalous Hall resistivity in the opposite
way as the phonon skew scattering, side jump, and the in-
trinsic terms do. However, ¢’ and @” are distinctly different.
The value of @’ was calculated as —7.81 x 1074, —3.30 x
10~*, and —16.49 x 10~* for sample S1-S3, respectively,
indicating a larger residual skew scattering contribution to
anomalous Hall resistivity of S3 compared to S1 and S2. It is
necessary to point out that the contribution from residual skew
scattering is independent of temperature, resulting in less ef-
fect on R,, with varying temperature. On the other hand, the
value of a” was 5.45 x 1074, 9.89 x 10~*, and 26.0 x 10~*
for S1-S3, respectively. The value of a” for sample S3 is
much larger compared to S2 and S1, which demonstrates that
the contribution of the phonon skew scattering is extremely
enhanced in the Co layer of S3. At ultralow temperatures,
the interactions, impurity scattering, and phonons contribute
obviously to anomalous Hall resistance resulting in the max-
imum differentiation of p,, values of the three structures at
2 K. By approximating py, at 2 K to be p,,o, the psk originat-
ing from the extrinsic contributions of skew scattering were
calculated to be —1.05 x 1073, 4.30 x 1073, and 14.37 x
1073 4Q cm for S1-S3, respectively. The opposite sign of psk
at 2 K should correspond to the large differentiation of p,.
According to the Matthiessen rule, the residual skew scatter-
ing contribution is independent of temperature in contrast with
the phonon skew scattering contribution. The higher value
of px, for S3 during the whole temperature range from 2 to
300 K demonstrates that the enhanced AHE in sample S3
originates from the phonon skew scattering contribution. In
addition, it is necessary to note that the spin current generated
in the ferromagnetic Co layer may penetrate into the adjacent
Pt layer due to the high spin-orbit interaction in Pt causing
the spin current proximity effect, which may result in an
enhancement of the R,, [42,43]. However, the contributions to
R,, from the spin current proximity effect should be negligible
with weak spin current due to about 4% shunt in the Co layer
and a relatively small spin Hall angle of the epitaxial Pt layer
[44]. On the other hand, the magnetic proximity effect (MPE)
which may introduce an additional contribution to R, was
also considered [45]. The experimental results of vibrating
sample magnetometer (VSM) measurement indicate that the
Mg of S3 corresponding to the largest Ry, is even slightly
smaller than that of S1 (more discussion can be found in
Figs. S4 and S5 of the Supplemental Material [38]). There-
fore, the spin current proximity effect and MPE in Pt/Co may
not dominate the large enhancement of AHE in S3.
According to the previous study by Chen et al. [46], a”
related to the phonon skew scattering process is mainly af-
fected by long-range ordering. It is necessary to clarify that
the detailed crystalline structures of three samples should
be responsible for the extraordinary difference of ¢’ and a”.
Therefore, RHEED patterns in a wider view of (111)-oriented
Pt underlayer and magnetic Co layer with 2-ML Cr insertion
were further detected to clarify the structural contribution to
skew scattering. Figure 5(a) shows the RHEED patterns of the
36-ML Pt underlayer and the 7-ML magnetic Co layer of S3
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FIG. 5. (a) RHEED patterns of Pt underlayer and magnetic Co layer with 2-ML Cr insertion (S3) obtained with wide detection range.
Three sets of diffraction streaks are marked as streak 1, streak 2, and streak 3. (b) The normalized intensity gray level of the selected areas on
the (a) RHEED patterns of Pt underlayer (marked by the red rectangle) and Co layer (marked by the blue rectangle).

with a wider view suggesting an extra set of streaks (marked
as streak 2) compared with the configuration of the Pt and
Co layer on the MgO (111) surface (S1). Streak 2 appears
between the first-order diffraction streaks (marked as streak 1)
and the second-order diffraction streaks (marked as streak 3).
Additionally, Fig. 5(b) gives the normalized intensity curves
of the selected areas on the RHEED patterns [Fig. 5(a)] of
the Pt underlayer (marked by the red rectangle) and the Co
layer (marked by the blue rectangle). The proportional rela-
tionship in reciprocal space between streak 1 and streak 2 in
the RHEED patterns of the Pt underlayer and the magnetic Co
layer in S3 can be calculated as follows:

D, 641 700
— =—=—~1.732
D, 369 401

This value satisfies the reciprocal relationship with the
ratio of interplanar spacing d;j, and d;5 of Pt and Co single
crystals in real space. It is reasonable to conclude that the
crystalline structure of the Co layer epitaxially deposited on
the Pt surface is determined by that of the Pt underlayer.
Therefore, a surface state of quasicrystalline structure with
12-fold symmetry or a twinning structure of the magnetic Co
layer is speculated to be responsible for the extra set of streaks.

The crystalline symmetry of the three samples was further
investigated by low-energy electron diffraction (LEED) and
low-energy electron microscopy (LEEM) in order to confirm
the detailed crystalline structure. Figure 6(a) shows the LEED
pattern of the Pt underlayer deposited on the MgO (111) sur-
face (S1) exhibiting sharp spots of the first-order diffraction
with a sixfold intensity distribution, which originates from
the close-packed layer structure of (111) orientation in the
fcc structure. However, a 12-fold symmetry LEED pattern
was observed from the (111)-oriented Pt surface directly de-
posited on the MgO (001) surface (S2) as shown in Fig. 6(b),
different from the typical (111)-oriented LEED pattern of a
Pt layer with sixfold symmetry. A similar 12-fold symmetric
structure was confirmed in the system of Pt (5nm)/MgAl,O4

(001) [47]. The diffused diffraction spots are related to the
relatively low degree of long-range ordering due to the lattice
stress induced by mismatch between the (111)-oriented Pt
layer and MgO (001) substrate. Furthermore, Fig. 6(c) shows
the LEED pattern of the Pt underlayer on the MgO (001)
surface with Cr insertion exhibiting sharp diffraction spots.
This indicates an enhanced degree of crystallinity, consistent
with the smaller lattice distortion of S3 compared to that of
S2 as analyzed by the RHEED characterization. Therefore,
S2 can be considered as the intermediate state of S1 and S3.
It is worth noting that the anomalous Hall angle shows a clear
dependence on the surface roughness according to the work by
Zhang et al. [48]. However, the difference of roughness at the
interface of the three samples can be negligible in this work
due to the sharp diffraction patterns in RHEED and LEED.
The topographic observation was performed in LEEM mode.
Figure 6(d) shows the LEEM image of the 36-ML Pt layer
on the MgO (111) surface. The well-spaced morphology with
reasonably parallel stripes can be observed from the LEEM
image, indicating the ultrasmooth surface. For the LEEM im-
age of a Pt layer epitaxially grown on a MgO (001) surface
with Cr insertion (S3) shown in Fig. 6(e), evenly arranged and
mutually perpendicular atomic steps can be observed, which
divides the Pt surface into a series of right-angled polygon
areas in contrast with Fig. 6(d). To further investigate the
microstructure of the Pt layer, a microdiffraction aperture is
introduced to limit the size of the incident electron beam
to the film to 185 nm, which is less than the size of the
right-angled polygon areas. Figures 6(f) and 6(g) show the
typical LEED patterns of a (111)-oriented Pt layer with a
sixfold symmetry at the right-angled polygon areas marked
by red and blue rectangles in the LEEM image shown in
Fig. 6(e), respectively, of which the symmetries differ by 90°.
It is reasonable to say that the 12-fold LEED pattern without
the microdiffraction aperture [Fig. 6(d)] is a binary mixture of
the above two types of intensity distributions resulting from a
series of average twinning structures rather than a surface state
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FIG. 6. (a)—(c) LEED patterns for 36-ML Pt of (a) S1, (b) S2, and (c) S3. LEEM images for 36-ML Pt of S1 (d) and S3 (e), respectively.
LEED patterns of the selected areas of two twinned traces marked by (f) blue and (g) red right-angled polygon areas in Fig. 4(e). LEED
patterns for 7-ML Co of (h) S1, (i) S2, and (j) S3. Red and blue circles in (c) represent two sets of diffraction spots originating from different

crystal domains.

of quasicrystalline structure with similar 12-fold symmetry
observed from an ultrathin BaTiO3 layer on a (111)-oriented
Pt surface [49]. The two twinned traces differ by 90° obtained
from the reciprocal relationship between real and reciprocal
spaces. It can be speculated that the observed morphology
in Fig. 6(e) originates from surface atomic steps resulting
from the grain boundary of the right-angled polygon areas
corresponding to the different crystal domains. Thus, the dif-
ferent crystalline structures of (111)-oriented Pt are confirmed
with typical single-crystalline structure for S1 and twinning
structure for S3, respectively. Additionally, orientated growth
of the Co layer is determined by the crystalline structure of the
Pt underlayer with a parallel alignment of their epitaxial orien-
tations. Furthermore, Figs. 6(h)-6(j) show the LEED patterns
of the 7-ML Co layer epitaxially deposited on Pt of S1-S3,
respectively. The crystal structure of the Co layer shows a
sixfold symmetry for S1 [Fig. 6(h)] but 12-fold symmetry for
S2 and S3 [Figs. 6(i) and 6(j)], which is consistent with the Pt
underlayer as expected. Similarly, diffused diffraction spots
are obtained in the LEED pattern of the Co layer for S2, but
sharp diffraction spots are obtained in the LEED pattern for
S3, indicating a higher degree of crystallinity for the magnetic
Co layer with 2-ML Cr insertion.

According to the analysis of the RHEED patterns and
LEED results above, the atoms of Pt and Co are arranged
on a MgO (111) surface with sixfold symmetry as in the
schematic drawing shown in Fig. 7(a). Additionally, the 2-
ML Cr insertion introduced in S3 with a fourfold symmetric
arrangement relaxes the interface lattice stress without chang-
ing the original (001) orientation of the MgO surface. Thus,
the illustrations as shown in Fig. 7(b) suggest similar atomic
arrangements of Pt/Co on MgO (001) and MgO (001)/Cr
(2 ML) surfaces with fourfold symmetry. A (111)-oriented
Pt underlayer and magnetic Co layer with sixfold symmetry
can be formed for three samples with relatively small lattice
distortion. Based on the arrangement of Pt atoms on substrates
in S1-S3, the theoretical lattice mismatch (&) between the
Pt underlayer and substrates was calculated to be 7.34%,
7.32%, and 3.97% for S1-S3, respectively, and ¢ is defined as
& = (asyb — Afm)/am, Where agy, and agy, correspond to the
distance of the nearest-neighbor O (Cr) atoms of the sub-
strate and bulk Pt. It is evident that the mismatch between
the MgO substrate and the Pt underlayer in S3 is reduced
because of the introduction of the 2-ML Cr insertion, which
modulates the crystalline structure of the Co layer induced by
the Pt underlayer. Therefore, a high-quality Co layer with high
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FIG. 7. Schematic drawing of Pt and Co with fcc crystallographic (111) plane on (a) MgO (111) and (b) MgO (001) and MgO (001)/Cr
(2 ML). (c) Schematic drawing of the specific twinning structure of Pt (Co) with 90° twinned traces. Trace 1 and trace 2 are marked with blue
rectangles and the symmetry of the crystal domain is marked with red regular hexagons.

crystallinity is formed in S3 consistent with the sharp spots
in the LEED pattern and smaller lattice distortion calculated
above. Furthermore, a crystalline model with a twinning struc-
ture can be established to explain the unique RHEED patterns
of the Pt underlayer and the magnetic Co layer on a MgO
(001) surface with 2-ML Cr insertion. Figure 7(c) shows the
schematic drawing of the twinning structure and the e-beam
incidence direction relationship meeting the above criteria.
The twinned traces epitaxially grown MgO (001) surface with
Cr insertion are marked by a red dashed rectangle, and the
mutually perpendicular symmetry is illustrated with blue reg-
ular hexagons in Fig. 7(c). The e beam of RHEED is along
the x axis, of which the spot size is far beyond the size
of one twinned trace. Accordingly, two diffraction intensity
contributions from the twinned traces in the RHEED patterns
of the Pt and Co layer can be obtained with enough range
of detection. As marked in Figs. 5(a) and 7(c), streak 2 orig-
inates from the first-order diffraction streak of the twinned
trace 1, while streak 1 and streak 3 result from the first-
and second-order diffraction streaks of the twinned trace 2,
respectively.

Though the crystallinity of S3 is higher than that of S2
for its sharper LEED spots, the value of a” for sample S3 is
enormously enhanced compared to S2 and S1, demonstrat-
ing that the twinning structure of Co can extremely enhance
the contribution of the phonon skew scattering due to the
existence of the grain boundaries between the specific 90°
twinned traces. For phonons, the collisions originate from not
only other phonons, but also from lattice defects, chemical
impurities, grain boundaries, and rough edges, etc. [50]. A
series of experimental and theoretical studies have proved that

both phonon scattering and electron-phonon interaction can
be considerably affected by grain boundaries with a break
of long-range ordering [50-52]. Therefore, it is reasonable
to speculate that the slight enhancement of the phonon skew
scattering in S2 compared with S1 is caused by the relatively
low degree of long-range ordering, and for S3 with the 2-ML
Cr insertion, the specific twinning structure with high degree
of crystallinity and clear grain boundaries can be formed
contributing dominantly to the large enhancement of AHE
(40.6%). The physical mechanism of phonon scattering and
electron-phonon interaction at the grain boundaries of the
specific twinning structure should be further explored to have
a deeper insight into the phonon skew scattering in AHE.

IV. CONCLUSION

In summary, the mechanism of anomalous Hall effect
was investigated in (111)-oriented Pt/Co/Pt films with single-
crystalline structures on MgO substrates. By introducing a
2-ML Cr insertion between MgO (001) substrate and Pt un-
derlayer in Pt/Co/Pt epitaxial structure, a twinning structure
of 7-ML ferromagnetic Co layer, which is composed of two
twinned traces differing by 90°, can be achieved by crystal en-
gineering. The py, corresponding to the sample with this spe-
cific structure is significantly enhanced. By fitting with proper
scaling of AHE, the dominant contribution to the Hall resis-
tivity can be confirmed as the skew scattering, and the remark-
able enhancement of p,, in S3 is attributed to the strengthened
phonon skew scattering at the grain boundaries of the spe-
cific twinning structure. This work may shed light on the
understanding of the mechanism of phonon skew scattering
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in AHE, and provides a promising approach to promoting
the on/off ratio of the AHE, hence the performance of the
spintronic devices by tailoring crystal structures.
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