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The properties and characteristics of thin-film materials strongly depend on their textures and ori-
entations. However, the attainable film morphologies are severely limited by substrates and growth
thermodynamics. Metastable films that otherwise cannot be grown by conventional growth methods may
overcome these limitations, thus allowing a dramatic expansion of the spectrum of film textures and ori-
entations. Here we present a means to grow metastable platinum layers that are deposited from platinum
alloyed with bismuth surfactant material. This is distinct from conventional surfactant-aided growth of
films in which surfactants are typically deposited onto the substrate before film deposition, altering the
film growth mode but not the film morphology by tuning the surface energy. Surprisingly, we find that
almost no bismuth is incorporated into the platinum layer, but rather the structural morphology of this
layer is significantly altered. When this metastable platinum layer is applied to spin-orbit-torque technol-
ogy, a huge increase in the current-driven velocity of chiral domain walls in perpendicularly magnetized
wire on top of the metastable platinum layer is observed for otherwise the same current density, while the
platinum resistivity is found to barely increase. Our findings show that the metastable film grown from
material alloyed with surfactant is promising for the development of devices in various fields, such as
spintronics, semiconductors, and quantum materials.
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I. INTRODUCTION

Surfactant-aided epitaxial film growth [1] has been
widely used to improve film smoothness or control the
growth mode. For example, smooth magnetic layers can
be grown with use of surfactants such as Ag [2], In
[3], Bi [4–6], and Pb [7,8], thus increasing giant magne-
toresistance and exchange bias in spin valves, or semi-
conducting InAs islands on GaAs(110) can be grown
with use of Bi surfactant to form self-assembled quan-
tum dots for photoluminescence [9,10]. Surfactants are
usually predeposited on a substrate to control the sur-
face energy and growth kinetics before growth of films
that are of interest, thus raising or lowering the surface
energy of the substrate underneath. As the following layer
is being deposited, the surfactants float out to the sur-
face [Fig. 1(a)]. The increased substrate surface energy
leads to a two-dimensional smooth layer (Frank–van der
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Merwe mode), while the formation of three-dimensional
islands is favored by the decreased substrate surface energy
(Volmer-Weber or Stranski-Krastanov mode). This con-
ventional surfactant-aided growth does not affect the struc-
ture and orientation of films, which are dictated by the
crystal structure of the substrate underneath since the
surfactants affect the growth mode only [Fig. 1(a)].

Here we show that when Pt-Bi films are sputter-
deposited from a Pt85Bi15-alloy target, the deposited Pt-Bi
films contain hardly any bismuth, thus forming pure Pt
films covered with a very thin bismuth layer (approxi-
mately 3 Å) on top [see Fig. 1(b)]. This suggests that the
bismuth behaves like a surfactant that typically floats out
to the surface. However, most importantly we discover
that the structural morphology of Pt-Bi film is significantly
altered and it grows as a mixture of (111)- and (100)-
oriented grains, whereas the Pt films deposited from a pure
Pt target grow with a (111) orientation unless they are
grown on substrates such as MgO [11,12] or Al2O3 [13].
Hence, the Pt-Bi film grown from the Pt85Bi15-alloy tar-
get is metastable, forming a local minimum in structural
phase, while the Pt(111) texture grown from the Pt tar-
get sits at a global minimum [Fig. 1(b)]. This is distinct
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FIG. 1. Distinction between two film-growth methods using surfactants, and characterization of 60-nm-thick films grown from
a Pt85Bi15 target. Illustration of (a) conventional surfactant-aided film growth (left panel Frank–van der Merwe mode, right panel
Volmer-Weber mode) and (b) film growth from materials alloyed with surfactants. Shaded areas correspond to surfactant materials,
while blue circles represent material atoms that are of interest. (c) XPS spectrum of Bi 4f orbitals obtained before etching and after
one cycle of etching. (d) Relative concentration of the elements Pt, Bi, and O for various depths obtained by XPS. (e) Secondary-
ion-mass-spectroscopy depth profile of Pt and Bi. (f) Comparison of XRD patterns obtained from films grown from a Pt target and a
Pt85Bi15 target.

from conventional surfactant-aided growth, which does not
affect the crystal orientation but changes the surface energy
only as discussed above [Figs. 1(a) and 1(b)].

As an application of this growth method, we incorporate
the Pt-Bi film as a spin-orbit-torque (SOT) source into
magnetic wires [14,15] on the basis of the current-induced
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domain-wall (DW) motion (CIDWM) [16–20]. We
find dramatically increased current-induced domain-wall
velocities for otherwise the same current density for mag-
netic wires formed on Pt-Bi underlayers compared with Pt
films grown from Pt targets containing no bismuth. Here
amorphous Co-Gd and Ni-Gd magnetic multilayers are
used in the magnetic wires, showing excellent perpendicu-
lar magnetic anisotropy on both Pt-Bi and Pt underlayers.
We find that this remarkably efficient CIDWM can be
accounted for by large spin currents generated from the
metastable Pt film, and the spin currents are likely induced
by the spin Hall effect (SHE), which is quantified by the
spin Hall angle (θSHE), which details the conversion of
charge current to spin current [21]. Our findings show that
the method of growing metastable films has the potential to
be used not only to dramatically increase figure of merits
but also to allow more functionalities in various fields that
otherwise are impossible by conventional means.

II. GROWTH, MATERIAL, AND CHEMICAL
CHARACTERIZATION

Various thin-film structures are prepared by dc mag-
netron sputtering in an ultrahigh-vacuum deposition sys-
tem with a base pressure of 10−9 Torr. The films are
deposited at ambient temperature in 3-mTorr argon sput-
ter gas. To characterize the properties of the Pt-Bi and Pt
films, thick films (approximately 60 nm thick) are grown
from both Pt85Bi15 and pure Pt targets onto oxidized sili-
con substrates (i.e., onto amorphous SiO2). Their chemical
composition is determined by Rutherford-backscattering
(RBS) analysis. Surprisingly, the Pt-Bi films contain only
trace amounts of Bi of approximately (1 ± 0.5)%, which
is more than 1 order of magnitude below the composition
of the sputtering target (as confirmed by RBS analy-
sis). Since energy-dispersive-x-ray-spectroscopy measure-
ments of these films are also not able to detect Bi within
the detection limits of the instrument, we perform x-ray-
photoelectron-spectroscopy (XPS) measurements to deter-
mine the detailed chemical composition of the film as a
function of its depth, as shown in Figs. 1(c) and 1(d).
Figure 1(c) shows the Bi 4f peaks situated at 158.3 and
163.5 eV for the as-deposited sample. These values are
shifted from those of metallic Bi, indicative of oxidation.
The depth profile is acquired by etching in 30-s cycles with
an Ar-ion source. The XPS spectrum after the first etch
cycle shows no trace of Bi. Figure 1(d) plots the relative
concentration of the elements Pt, Bi, and O as a func-
tion of the etch cycle. The Bi signal disappears after the
first etch cycle, showing that Bi segregates to the surface
and is not incorporated into the bulk of the film, within
experimental error. The Pt signal is reduced to less than
1% of its initial intensity after 184 etch cycles, resulting in
an average etch rate of approximately 3.2 Å Pt per cycle.
Thus, the only Bi that is incorporated in the film is about a
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FIG. 2. Film stacks grown for SOT study. (a) XRD pat-
terns obtained for thinner Pt and Pt-Bi films. (b) Details of
the films grown for SOT study. These layers are grown on
AlOx(100 Å)/TaN(20 Å) and capped with TaN(50 Å). Numbers
denote thickness in angstroms. (c) Cross-section STEM of
Pt/Co-Gd (left) and Pt-Bi/Co-Gd (right) films.

monolayer (approximately 3.08 Å) despite a Bi concentra-
tion of 15% in the Pt85Bi15 sputter target. The XPS results
are consistent with the RBS results, which show a trace
amount of Bi in the film. For further corroboration we
use another analysis technique, secondary-ion mass spec-
troscopy, with similar conclusions to those of the XPS and
RBS experiments [Fig. 1(e)].

Bi is a well-known surfactant [22–24], whereby it may
segregate to the surface of a film during growth. If Bi
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played a role as a conventional surfactant, it would influ-
ence growth modes only but not structures or orienta-
tions, as discussed above. However, on the contrary, we
find from x-ray-diffraction (XRD) measurements that the
structures of the Pt-Bi and Pt films are highly distinc-
tive [Fig. 1(f)]. While the films grown from the Pt target
are highly (111) crystalline oriented, the Pt-Bi films, by
contrast, are poorly textured with significant amounts of
both (111) and (100) orientations in the ratio 2:1. We also
observe lesser amounts of (220) and (311) orientations.
These results are surprising as Pt has a strong tendency to
grow as (111), and growth of other orientations of Pt is usu-
ally accomplished by epitaxial growth on lattice-matched
substrates. We find no bismuth XRD peaks from the Pt-Bi
films, consistent with the absence of any significant Bi con-
tent from our previous characterizations. The difference in
film morphology is reflected in a slightly increased resis-
tivity of the Pt-Bi films (the resistivities of 60-nm-thick
Pt-Bi and Pt films are 21 µ� cm and 18 µ� cm, respec-
tively). Since Bi is present only at the surface of the Pt-Bi
films, we attribute this increased resistivity to the polycrys-
talline nature of Pt-Bi. XRD and STEM scans of thinner
films [see Figs. 2(a) and 2(c) and Supplemental Material
[25]] reveal similar differences in structure as seen in the
60-nm-thick films, although the peaks are broader due to
the smaller grain sizes. These findings are in sharp contrast
with conventional surfactant-aided growth.

The modification of structural properties was previ-
ously shown to greatly increase the spin Hall angle
and associated SOTs generated in thin films of met-
als such as Pt [26–28], Ta [29], and W [30,31]. To
test the strength of SOT generated from metastable
Pt, we fabricate perpendicularly magnetized magnetic
wires from AlOx(100 Å)/TaN(20 Å)/Pt or Pt-Bi(15 Å)/Co-
Gd(9 Å)/Ni-Gd(9 Å)/Co-Gd(3 Å)/TaN(50 Å) multilayered
structures that are deposited on silicon substrates capped
with a 25-nm-thick silicon oxide layer. All thicknesses
unless specified are in angstroms. In our earlier work [18],
the growth of a magnetic trilayer composed of Co/Ni/Co
on Pt(111) layers induced a strong perpendicular magnetic
anisotropy (PMA) as well as the formation of Néel DWs
stabilized through a Dzyaloshinsky-Moriya interaction
(DMI) [32,33]. These DWs can be driven by current at high
speeds by use of SOT. We find that, in comparison with the
Pt/Co interface, the Pt-Bi/Co interface does not have suf-
ficient interfacial anisotropy to induce PMA in Co/Ni/Co
layers. This likely arises from the strong dependence of the
interfacial magnetic anisotropy in these layers on the (111)
orientation of the Pt film [34]. However, we find that by
replacing the Co/Ni/Co ferromagnetic trilayer with a fer-
rimagnetic trilayer made of Co-Gd/Ni-Gd/Co-Gd, PMA
films can be formed on Pt-Bi underlayers. The Co-Gd and
Ni-Gd films are grown with use of alloy sputter targets.
The compositions of the films [Co (75.3 ± 0.5)% and Gd
(24.7 ± 0.5)%; Ni (86.4 ± 0.5)% and Gd (13.6 ± 0.5)%],

as determined by RBS, are very close to those of the
targets, in contrast to the case of the Pt-Bi films.

Films of rare-earth–transition-metal alloys, such as Co-
Gd or Ni-Gd films, exhibit a bulk perpendicular anisotropy
[35]. Moreover, the compensated moments resulting from
the antiferromagnetic ordering between the 3d-transition-
metal and 4f -rare-earth moments reduces the shape
anisotropy that needs to be overcome to induce PMA.
Three distinct films stacks (Pt/Co, Pt/Co-Gd, and Pt-
Bi/Co-Gd) are used for our SOT studies, whose structures
and the corresponding labels that we use to describe them
are shown in Fig. 2(b). Cross-section STEM images for
Pt/Co-Gd and Pt-Bi/Co-Gd show that the ferrimagnetic
layers are amorphous for both underlayers and confirm that
the Pt layer is highly (111) textured in contrast to Pt-Bi,
which has a mixed texture [Fig. 2(c)].

III. DOMAIN-WALL MOTION RESULTS

CIDWM was studied in the three film stacks by pat-
terning them into nanowire devices of size 50 × 2 µm2. A
typical device studied for CIDWM is shown in Fig. 3(a)
(see the inset). Domain-wall displacements in the nanowire
were imaged by Kerr microscopy in differential mode. Cur-
rent pulse lengths ranging from a few nanoseconds to 1 ms
are used to capture the dependence on domain-wall veloc-
ity, v, and on current density in the underlayer JUL as
shown in Figs. 3(a) and 3(b). To calculate JUL, the conduc-
tance of the stack deposited without the underlayer (G∗) is
subtracted from the conductance of the complete stack (G),
such that JUL = 2V/(R + 50)[(G − G∗)/G](1/A), where R
is the resistance of the device and A is the cross-section
area of the underlayer. The factor of 2 in this equation
is because the voltage along the nanowire is twice the
source voltage due to the impedance mismatch between
the nanowire and the source. We define JC to be the thresh-
old current density in the underlayer at which CIDWM is
observed with pulses that are less than 100 ns long. For
all three stacks, we find v at JC to be greater than 5 m/s.
However, we find significant differences between the three
stacks, with much lower values of JC for Pt-Bi/Co-Gd as
compared with the other two stacks. JC for Pt/Co-Gd is
about half that for Pt/Co. Moreover, the DW velocities
in Pt-Bi/Co-Gd nanowires are much greater than those
in Pt/Co-Gd for the same JUL. In particular, the DWs in
Pt-Bi/Co-Gd reach a velocity of approximately 250 m/s
around the JC for Pt/Co. The lowest JC (6 MA/cm2), which
we find in Pt-Bi/Co-Gd, is comparable to an earlier result
in ferrimagnetic Heusler systems [36] but is much lower
than reported results on ferromagnetic systems [18,37].
Thus, in summary, we find that the v-versus-JUL char-
acteristics of the Pt-Bi/Co-Gd ferrimagnetic system are
much improved over those of the Pt/Co ferromagnetic
system.
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FIG. 3. Magnetics, current-driven domain-wall motion, and SOT for Pt-Bi/Co-Gd, Pt/Co-Gd, and Pt/Co. (a),(b) v versus J UL in (a)
linear-linear (a) and (b) log-log representation. Solid symbols indicate use of pulse lengths up to 100 ns. Hollow symbols indicate use
of pulse lengths greater than 100 ns. (c) Summary of parameters obtained by experiments as well as modelling. (see Supplemental
Material [25] for more details). Hkeff refers to effective anisotropy field. (d) Hysteresis loops of Hall resistance (RAHE) obtained by
application of an out-of-plane magnetic field. (e) Quantification of the dampinglike effective field (HDL) by second-harmonic Hall
measurements. All measurements are performed at room temperature.

The strength of the DMI induced at the underlayer–
magnetic-layer interface of each stack is determined by
exploring the dependence of the CIDWM on the longitu-
dinal magnetic field (Hx) [18,37]. As the magnitude of Hx
becomes equal and opposite in sign to that of the internal

DMI field (HDMI) acting on the Néel domain walls, the DW
reverts to a Bloch configuration, resulting in the absence
of any CIDWM. The measurement data are fit to a well-
established one-dimensional analytical model with use of
experimentally obtained parameters and fitting parameters
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(see Supplemental Material [25] for more details). From
this analysis, the DMI constant, D, can be obtained from
D = HDMIMS

√
A/Keff, where MS is the magnetization of

the film, Keff is the effective anisotropy energy, and A is
the exchange stiffness. �, the domain-wall width parame-
ter, is defined as

√
A/Keff. The parameters thereby obtained

are summarized in the table in Fig. 3(c). As discussed ear-
lier, the polycrystalline nature of Pt-Bi/Co-Gd leads to a
smaller Keff (0.67 Merg/cm3) as compared with Pt/Co-Gd
(1.60 Merg/cm3). The Pt-Bi/Co-Gd and Pt/Co-Gd stacks
both have similar magnitudes of D, suggesting that the
magnitude of D is not much influenced by either the ori-
entation of the Pt grains or the presence of Bi atoms at the
interface. However, the magnitude of D for the ferrimag-
netic samples is less than half that of Pt/Co which is likely
related to the lower magnetization of Co-Gd compared
with Co.

Out-of-plane anomalous-Hall-effect (AHE) measure-
ments of the three stacks are compared in Fig. 3(d). The
magnitude and sign of the AHE are similar in all three
cases, but the coercivity is smaller for the Pt-Bi/Co-Gd
stack, likely due to the smaller DW nucleation field. The
similar magnitude of the AHE suggests that for the ferri-
magnetic samples, the contribution from the Co sublattice
is dominant compared with that from the Gd sublattice.

To probe the origin of the faster CIDWM in Pt-Bi/Co-
Gd, harmonic-Hall-voltage measurements [38,39] are per-
formed to quantify the dampinglike (HDL) and fieldlike
effective fields (HFL). These measurements are performed
by probing the first-harmonic and second-harmonic Hall
voltage signals under the application of magnetic fields
applied in the plane either longitudinal or transverse to the
direction of the current (more details are given in Supple-
mental Material [25]). Most importantly, we find that there
is an approximately 52% increase in the HDL values for
the Pt-Bi/Co-Gd sample as compared with the Pt/Co-Gd
sample, as seen in Fig. 3(e). One possibility to account for
the increased HDL is the enhanced transparency of the Pt-
Bi/Co-Gd interface. Because of the transparency [27,40],
T, at the interface between the underlayer and the mag-
netic layer, the amount of spin current diffusing into the
magnetic layer is lower than expected from the intrinsic
spin Hall angle (θSHE) of the underlayer, such that the
effective spin Hall angle acting in the magnetic layer, θ eff

SHE,
is θSHET. It is then reasonable to assume that the trans-
parency of the Pt-Bi/Co-Gd interface might be affected by
any Bi segregated at this interface or by the polycrystalline
nature of the Pt-Bi layer. Any change in transparency is
reflected by an increase or decrease in the spin pumping,
which can be measured through damping measurements.
Thus, the intrinsic Gilbert damping values, α, are obtained
by studying the dynamical properties of the films using
a pump-probe time-resolved magneto-optical-Kerr-effect
[41] method (see Supplemental Material [25]). From these
studies α is determined to be approximately 0.105 for
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FIG. 4. Characterization of Bi segregation and its effect on
current-driven domain-wall motion. (a) XPS spectra of Pt-
Bi(45 Å)/Co-Gd(t) films grown on Si substrates. (b) v versus J UL
for various SOT stacks with the Co-Gd/Ni-Gd/Co-Gd trilayer
but different underlayers.

Pt-Bi/Co-Gd and approximately 0.155 for Pt/Co-Gd. The
lower α of the Pt-Bi/Co-Gd stack implies that the spin-
mixing conductance is decreased at this interface, with,
consequently, lower transparency of this interface. Thus,
the higher θ eff

SHE for this system cannot be accounted for
by increased transparency of this interface, but rather the
magnitude of the intrinsic spin Hall effect is greater for
Pt-Bi.

Next, the source of increased SOT in Pt-Bi/Co-Gd is
examined. The Pt/Co-Gd and Pt-Bi/Co-Gd stacks are iden-
tical except for the Pt underlayer. The enhanced SOT may
have either a bulk origin from the growth of differently
oriented Pt grains or an interfacial origin from any pres-
ence of Bi [42,43] at the Pt- Bi/Co-Gd interface. As
discussed above, it is clear that Bi segregates to the top
of a Pt-Bi film, but whether it continues that process once
a Co-Gd film is grown on top of it needs to be determined.
Thus, films of the form Pt-Bi(45 Å)/Co-Gd(t) are prepared
with differing t as shown in Fig. 4(a). If the Bi continues
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floating out for Co-Gd, the strength of the Bi XPS spec-
trum would remain unchanged as a function of t. If instead
Bi remains segregated at the Pt-Bi/Co-Gd interface, then
the signal should vanish with increasing t. The latter is
found [Fig. 4(a)], and at t = 100 Å, the signal has nearly
vanished. Evidence of oxidation of the Bi for t = 10 Å is
again consistent with the Bi remaining at the Pt-Bi/Co-Gd
interface.

Having shown that Bi is confined to the Pt-Bi/Co-Gd
interface, we perform further experiments to probe the ori-
gin of the SOT. Additional film stacks in which a thin layer
of Pt-Bi (3 and 6 Å) is inserted between Pt and Co-Gd
are prepared. If the origin of the increased SOT is solely
from the introduction of bismuth at the interface, then a
thin layer should suffice for replicating our earlier results
with Pt-Bi/Co-Gd. The CIDWM results for these samples
are overlaid with our earlier results in Fig. 4(b). The intro-
duction of a Pt-Bi insertion layer increases the speed of
the DWs but this still noticeably lags behind that of the Pt-
Bi/Co-Gd sample. Thus, these results show that instead the
modified structure of the Pt layer likely plays a significant
role.

A linear scaling between the resistivity and the spin
Hall angle of the Pt-Bi underlayer would imply that the
increased SOT is governed by the Elliot-Yafet mecha-
nism [44,45]. However, the increase in the spin Hall angle
is much greater than the increase in the resistivity, so
we rule out this possibility. This would be rather consis-
tent with Dyakonov-Perel scattering in crystalline Pt thin
fims [46,47] and would lead to different spin-dependent
scattering in differently oriented grains.

IV. CONCLUSION

We find that bismuth introduced via a Pt-Bi-alloy sput-
tering target changes the structure of the Pt film while
floating out to the surface, distinct from conventional
surfactant-aided growth. This metastable Pt film dramat-
ically increases spin-orbit scattering, which gives rises to
a strongly increased spin Hall effect without a comparable
increase in resistivity. Film growth from materials alloyed
with surfactants is a means of providing increased spin-
orbit torques without increases in resistivity and is there-
fore technologically very relevant, and can be extended to
other areas such as semiconductors and quantum matters.
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