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Observation of the D’yakonov-Perel’ Spin Relaxation in Single-Crystalline Pt Thin Films
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The spin relaxation mechanism in single-crystalline and polycrystalline platinum (Pt) thin films is
revealed by a quantum interference effect. Examining the relationship between the spin relaxation rate and
momentum scattering rate by changing Pt thickness, we find that the spin relaxation rate of Pt strongly
depends on both crystal structure and thickness even though the quality of material (Pt) is unchanged.
In particular, the D’yakonov-Perel” mechanism is considered as a dominant mechanism under cases where
scattering events are suppressed or the interface effect is not negligible.
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For the realization of functional spintronic devices, much
attention has been focused on spin-orbit interaction (SOI)
in both semiconductors and metals [1]. In particular, there
have been many practical approaches utilizing the SOI in
metals, magnetization reversal of a ferromagnet on top of a
heavy paramagnetic metal induced by in-plane current
[2,3], or domain wall motion driven by spin-orbit torque
[4,5]. These provide an essential technology for the high
performance memory devices. Furthermore, for low power
logic devices, the spin Seebeck effect [6,7] or spin Hall
effect [8—10] in metals with a strong SOI has made
remarkable progress in generating pure spin current.
These studies indicated that the SOI in paramagnetic heavy
metals should be a fundamental ingredient for future
spintronic devices. However, it has been reported that
the parameters that show the strength of SOI in metals
vary greatly with experimental techniques or sample
structures, even with the same materials; in the case of
Pt, the spin Hall angle has been estimated as 0.012 — 0.37
and the spin relaxation length varies from 1.5 to 11 nm
[3,10-18].

In general, the SOI is described by the following
equation:

pxE
Hy, = —pgo - <—2> (1)

2m,c

Here, ug, 0, m,, and ¢ are the Bohr magnetron, the vector
of Pauli matrices, the free electron mass, and the velocity of
light, respectively. Thus, it is considered that the electric
field E, where the electrons with the momentum p pass
through, determines the origin and strength of the SOIL
Since the spin relaxation mechanism reflects the origin of
the SOI, understanding the spin relaxation mechanism in
metals opens up the pathway to explain these confusing
results.

There are two mechanisms for spin relaxation induced
by the SOI [19]: the Elliot-Yafet (EY) mechanism [20,21]
and the D’yakonov-Perel’ (DP) mechanism [22-25]. If the
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metals with the SOI induced by host ions have a center of
inversion symmetry, the spin-up and -down states are
degenerate, but are admixtures of two spin states. The
ordinary scattering by such as phonons and impurities can
cause spin relaxation since the momentum p and the spin ¢
are entangled and they no longer make a good quantum
number. This is one of the EY spin relaxation mechanisms.
If the E is induced by nonperiodic components like
impurities or crystal grain boundaries, this also results in
another EY mechanism. Since the EY mechanism is
basically caused by momentum scatterings, more scattering
chances make the spin relaxation faster; i.e., the momentum
scattering rate I', has a proportional relation to the spin
relaxation rate I',.

In contrast, it is well known that the DP mechanism
appears in III-V compound semiconductors with spatial
inversion asymmetry. The lack of spatial inversion breaks
spin degeneracy and gives rise to an effective magnetic
field, leading to spin precession. In particular, the Rashba
SOI [23,24] induced by structural inversion asymmetry is
crucial for spintronics since it makes spin manipulation
possible by applying an external electric field [26,27]. The
DP mechanism is essentially a motion—narrowing effect
of spin precession induced by the effective magnetic field.
In contrast to the EY mechanism, frequent momentum
scattering events suppress spin relaxation. Therefore, I, is
inversely proportional to I', in the DP mechanism.

Up to now, the EY mechanism based on momentum
scattering has been explained as a dominant spin relaxation
mechanism in metals because of its short mean-free path.
On the other hand, recent studies suggest that the DP
mechanism also contributes to spin relaxation in metals.
For example, it has been discussed that the Rashba SOI on
the interface causes the spin-orbit torque in ferromagnetic
metal or paramagnetic metal interfaces [2]. In addition,
recent research has proved the existence of the Rashba SOI
derived from angle-resolved photoemission (ARPES) and
electronic structure calculation on each Ag/Pt (ARPES)
and Pt surface (calculation) [28].
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There is still a lack of transport data to show the
existence of Rashba SOI in metal surfaces or interfaces
and how the Rashba SOI quantitatively influences the spin
relaxation in metallic systems. If the Rashba SOI is
convinced by transport measurements, it should provide
great interest in metal-based spintronic fields since the
electric field manipulation of spins in metals will be
expected [29]. In this study, we have investigated the spin
relaxation mechanisms in Pt thin films depending on the Pt
thickness and crystal structure by the quantum interference
effect, weak antilocalization (WAL), which is a direct
method to measure the SOI of materials. In the bulk Pt
films, the EY mechanism is regarded as the dominant
mechanism. In contrast, if the thickness decreases, the
contribution of an interface such as the Rashba SOI cannot
be negligible. Likewise, it is considered that a disordered
system inducing the scattering promotes the EY mecha-
nism in the case of polycrystalline structure. In other words,
we can expect that with single-crystalline Pt, which has
periodic lattice structure, the EY mechanism can be sup-
pressed, and then the DP mechanism comes to play an
important role for spin relaxation.

Through our research, we find that the spin relaxation
rate is clearly dependent on Pt thickness and crystal
structure. In the relatively thick films of polycrystalline
Pt, the EY mechanism is dominant, as is well known.
However, in the thinner films, I'y, deviates from the EY
mechanism, so that the DP mechanism turns out to play an
indispensable role in explaining those results. Furthermore,
in single-crystalline Pt thin films where the scattering
events can be suppressed considerably compared to poly-
crystalline Pt thin films, the spin relaxation is mainly
induced by the DP mechanism.

To grow polycrystalline and single-crystalline Pt film,
we prepared i-GaAs (100) and MgO (111) substrates.
The Pt/GaAs and Pt/MgO structures were obtained by
radio-frequency sputtering. All samples are covered with
an AlO cap layer (0.6 nm) in order to prevent oxidation or
any contamination and to induce the Rashba SOI origi-
nated by the structure inversion asymmetry on the inter-
face. Figure 1(a) shows each crystallographic structure of
Pt/GaAs and Pt/MgO film along the growth direction
taken by x-ray diffraction (XRD) measurement. Since the
lattice constant of MgO (4.21 A) is close to that of
Pt (3.91 A); therefore, Pt oriented to the (111) plane can be
epitaxially grown on MgO substrate at the high growth
temperature (500 °C). On the contrary, the two peaks, not
just Pt (111) but also Pt (200), are observed on the GaAs
substrate, which indicates polycrystalline structure. The
reflection high energy electron diffraction (RHEED)
patterns taken after the growth support the finding that
the crystallographic quality of Pt/MgO is preserved for
both thick (10 nm) and thin (3 nm) Pt films [Figs. 1(b) and
1(c)]. Furthermore, the in-plane XRD (¢-scan) pattern of
Pt/MgO in Fig. 1(d) shows sixfold symmetry for Pt (111),
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FIG. 1. (a) XRD results for Pt/GaAs (blue dots) and Pt/MgO

(red dots). For comparing to the substrate, the corresponding
XRD peaks of each substrate are described under the Pt peaks.
(b),(c) RHEED npatterns for single-crystalline Pt on MgO sub-
strate with 10 nm thickness and 3.0 nm thickness, respectively.
(d) Results of ¢ scan of Pt/MgO film. The three peaks of Pt
overlapping those of the MgO substrate show stronger signals
than the other three peaks of Pt.

clearly indicating that the single-crystalline Pt is success-
fully grown on MgO (111) with a lattice matched relation-
ship [30-32]. To measure the thickness dependence, the
Pt films on both substrates have different thickness d:
from 2 to 15 nm. To obtain transport parameters, we
fabricated the simple Hall bar structure on both Pt crystal
structures  with 20 pgm (width) x 160 ym (length) by
using photolithography. The result of sheet resistance
for both films in Fig. 2(a) plainly shows the dependence of
crystal structure and Pt thickness. The I, can be derived
by the equation I', = Ep/Dm*, where Ep, D, and m*
indicate, respectively, Fermi energy, diffusion constant,
and the effective mass. Consequently, we can obtain the
relationship between I', to Pt thickness in two different
crystal structures [Fig. 2(b)]. The Pt thickness dependence
of D is also shown in Fig. 2(c) for understanding the
change of I',. The transport properties shown in Fig. 2
indicate that I, of polycrystalline is even larger than that
of single-crystalline film in the entire Pt thickness region,
which suggests that scattering events are more suppressed
in single-crystalline Pt film. The momentum scattering
increases drastically with decreasing thickness; therefore,
the scattering on the interfaces has a great influence in the
case of thin Pt film. Then the interface scattering prob-
ability C;,; is quantitatively introduced. C;,; means the
ratio of conduction electrons going through the interface
with respect to entire conduction electrons. Accordingly,
Cine is calculated as followings: Cipr = I, inerface/T p>
Where Fp = Fp,interface —+ Fp.bulk‘ We pOSit that Fp,bulk iS
the same as I', of the Pt film with 15 nm thickness because
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FIG. 2. Marks for polycrystalline Pt/GaAs and for single-
crystalline Pt/MgO correspond to blue dots and red dots,
respectively. (a) Sheet resistance depending on thickness.
(b) I',, as a function of Pt thickness. It shows that I, increases
with decreasing Pt thickness. The scale of the y axis is logarithmi-
cally plotted. (c) Diffusion constant with respect to Pt thickness is
shown for easy understanding of I',. (d) I', dependence of
interface scattering probability.

of enough low sheet resistance to neglect the influence of
interface scattering. Then we obtain the relationship in
Fig. 2(d) that C;,; drastically increases with decreasing Pt
thickness in both crystal structures.

In order to evaluate I'y,, the WAL analysis [37-39] was
performed from magnetoconductance measured by the
four-terminal technique at 7 = 1.6 K. Pt thickness depend-
ences of normalized magnetoresistance for both polycrys-
talline Pt and single-crystalline Pt films are shown in
Figs. 3(a) and 3(b). In the case of single-crystalline Pt
films, because of the high mobility, the classical magneto-
resistance is observed predominantly in the thick Pt region
[40,41]. Such a classical magnetoresistance should be
subtracted to obtain the pure quantum interference effect.
In this experiment, we obtained it by subtracting the
parabolic dependence approximated in the low magnetic
field from the raw magnetoresistance. One instance of this
approach is introduced in Fig. 3(e). For samples with
thickness over 6 nm, however, we could not extract the
proper quantum interference effect due to its too high
mobility and low resistivity. Accordingly, the quantum
interference effect in single-crystalline films is able to be
obtained only under 6 nm Pt thickness. Concentrating on
the quantum interference effect, since Pt is known as a
strong SOI material, all samples show WAL. However, as
shown in Figs. 3(c) and 3(d), the amplitude of WAL for
each Pt film is entirely different, depending on thickness
and crystal structure. For example, even in the same crystal
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FIG. 3. Normalized magnetoresistance results for (a) polycrys-

talline Pt/GaAs and (b) single-crystalline Pt/MgO depending on
different Pt thickness. The gradation from dark color to light color
of each result corresponds to change of Pt thickness from thick
film to thin film. WAL curves for (c) polycrystalline Pt/GaAs
(blue lines) and (d) single-crystalline Pt/MgO (red lines). Dark
dotted lines are best fitted results based on HLN and ILP theories.
(e) Example of subtracting the classical magnetoresistance in
single-crystalline Pt film with 4.0 nm thickness. Red dots and
black line indicate the raw data we obtained and the resistance
induced by the classical magnetoresistance, respectively. By
subtracting the black line from the red dots, we can extract
the innate magnetoresistance originated by the SOI (green dots).
(f) 7, (triangle) and 7, (circle) in single-crystalline Pt film with
5.0 nm thickness depending on the temperature.

structure, the amplitude of magnetoconductance Ac[=
o(B) — 6(0)] gradually decreases as the Pt thickness also
decreases. Additionally, even though the Pt thickness is
equal, the amplitude of Ac depends on its crystal structure.
As we confirmed from the temperature dependence of 7,
and 7, [Fig. 3(f)], the obtained quantum interference effect
after subtracting classical magnetoresistance is appropriate:
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FIG. 4. The relationship between 7, and z,, for (a) polycrystal-
line Pt films (b) single-crystalline Pt films. The guide lines of the
EY mechanism (7, « 7,) and DP mechanism (z, o Tp_l) are
introduced as the dotted lines to help qualitative understanding.
(c),(d) Relationship between I'y, and I', for polycrystalline
Pt films and single-crystalline Pt films, respectively. The x axis
of (c) and (d) is described in logarithmic scale. The blue dotted
line in (c) and the red dotted line in (d) indicate the best fit of spin
relaxation mechanism based on Eq. (2). In (c), the fitted line starts
onI", of the Pt film with 15 nm thickness since we defined Cj, as
zero in the Pt film with 15 nm thickness.

the phase coherence time 7,,, determining the limit of WAL,
highly decreases with decreasing temperature although
Iy, (= 75!) is nearly constant [42-44].

Clarifying the above results, we focused on the spin
relaxation mechanism. First of all, to estimate the spin
relaxation rate I, quantitatively, we fitted the obtained data
to theoretical formulas. The results can be analyzed by two
theories of quantum correction of the conductance: the
Hikami-Larkin-Nagaoka (HLN) formula for polycrystal-
line Pt films and the lordanskii—Lyanda-Geller—Pikus (ILP)
formula for single-crystalline Pt films [33,34]. Even though
the obtained results are well matched to both theories, we
should consider that the magnetoconductance for poly-
crystalline Pt films should be fitted to the HLN theory
because the HLN theory takes into account the EY
mechanism. On the other hand, the ILP theory is suitable
for single-crystalline Pt films where the scattering events
are highly suppressed.

To begin with the spin relaxation mechanism in poly-
crystalline Pt films [Fig. 4(a)], the linear relationship
represents that the EY mechanism exists in the thick Pt
region as already known in metals. However, deviation
from the linear dependence of the EY mechanism is
observed in the thin Pt region, especially under 4 nm

thickness. Indeed, 7., in this region is significantly
enhanced; therefore, this suggests that the existence of
the DP mechanism is required. Secondly, focusing on the
spin relaxation mechanism in single-crystalline Pt films
[Fig. 4(b)], T'y, is definitely apart from the relationship of
the EY mechanism in the entire region. It is likely that 7, is
inversely proportional to 7, rather than having a linear
relationship, indicating the DP mechanism.

The tendencies plotted in Figs. 4(a) and 4(b) are
absolutely exotic: even though T'), drastically increases
with decreasing Pt thickness in both crystal structures, I,
shows itself to be significantly suppressed rather than
enhanced. Consequently, it is essential to put both the
DP and EY mechanisms together. Considering that the
conduction electrons are greatly influenced by the interface,
as we discussed in transport measurement [Fig. 2(d)], the
contributions related to the interface should be taken into
account in both the EY mechanism and the DP mechanism:
the EY mechanism on the interface and the Rashba SOI
induced by the potential gradient on the interface. Hence,
the I, taking into account both the EY mechanism and the
DP mechanism is expressed as

Ap) 2
1—‘so = (1 - Cinf)gbrp + Cinfgirp + Cinf <7R> F[_Jl (2)

Here, ¢, €;, and Az mean the spin-flip probability in the
bulk Pt system, the spin-flip probability on the interface,
and the spin-splitting energy created by the interface
Rashba SOI. For the EY mechanism at the interface and
the interface Rashba SOI, C;, is put in as a coefficient
because the higher probability passing through the interface
indicates that the EY mechanism on the interface and the
Rashba SOI are enhanced on its spin relaxation mecha-
nism; and vice versa, (1 — Cy,) is inserted for the EY
mechanism for the bulk system.

Applying Eq. (2) on I'y, with both crystal structures, we
find that the behaviors, which neither the EY mechanism
nor the DP mechanism alone can cover, have been
completely explained as shown in Figs. 4(c) and 4(d).
Looking over the fitted parameters in detail, first of all,
€p,poly 18 estimated as 1.99 x 1073, whereas Ep,epi 18 less
than 0.50 x 1073, at least 4 times smaller than €p poly- A
comparison between &, o1, and ¢, o, evidently corre-
sponds to the assumption that single-crystalline films
suppressed the EY mechanism. Note that we made the
g; consistent for both crystal structures in this analysis as
0.20 x 1073, which has the same order with the probability
known before [17,45]. The factor A, shows a difference as
well, depending on the crystal structure: Ag o = 3.42 X
107" (eV) and Ag e, = 1.85x 107" (eV), which reflects
that the interface, not only between Pt and AlO cap layer
but also between Pt and the substrate, makes the main
contribution to the Rashba SOI. Since the Rashba SOI is
expected to be tunable by an electric field [29], we observed
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the change of WAL by applying external gate voltage on a
3 nm thickness single-crystalline Pt film [32]. It evidently
supports that the Rashba SOI plays a great role in spin
relaxation.

In conclusion, we experimentally clarify the spin relax-
ation mechanism in Pt films from the relationship between
Iy, and I, and find out that spin relaxation depends on the
crystal structure and thickness of Pt films although the
material Pt is never changed. These exotic phenomena can
be explained by combining not just the EY mechanism but
also the DP mechanism, originating from the Rashba SOI.
Hence, all our results verify that the spin relaxation in
metals is determined by contributions of the DP mechanism
in addition to the EY mechanism, whereas the dominant
contribution is determined by the characteristics of the
system. This achievement proposes the possibility of gate-
controlled SOI as well as a fundamental understanding of
spin relaxation in metals, which are indispensable compo-
nents for designing future spintronic devices.
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