Room-temperature perpendicular magnetic
anisotropy of Pt/Co/AlO, trilayers on SrTiO;

(001)

Cite as: AIP Advances 10, 105010 (2020); https://doi.org/10.1063/5.0023282
Submitted: 28 July 2020 . Accepted: 14 September 2020 . Published Online: 06 October 2020

Ye Du ', Shoma Arai, Shingo Kaneta-Takada, Le Duc Anh, Shutaro Karube "/, Makoto Kohda, Shinobu
Ohya "/, and Junsaku Nitta

7))
)
O
C
©
3
<
=
<

COLLECTIONS

Paper published as part of the special topic on Chemical Physics, Energy, Fluids and Plasmas, Materials Science
and Mathematical Physics

218N *
L A |
v | ‘ ;
open View Online Export Citation CrossMark

READ NOWI|

AIP Advances Nanoscience Collection

AIP Advances 10, 105010 (2020); https://doi.org/10.1063/5.0023282 10, 105010

© 2020 Author(s).



https://images.scitation.org/redirect.spark?MID=176720&plid=1275153&setID=389593&channelID=0&CID=434858&banID=519998033&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=176559f8e9a08488954a541f8b653033c1b5f785&location=
https://doi.org/10.1063/5.0023282
https://doi.org/10.1063/5.0023282
https://aip.scitation.org/author/Du%2C+Ye
http://orcid.org/0000-0002-4010-4424
https://aip.scitation.org/author/Arai%2C+Shoma
https://aip.scitation.org/author/Kaneta-Takada%2C+Shingo
https://aip.scitation.org/author/Anh%2C+le+Duc
https://aip.scitation.org/author/Karube%2C+Shutaro
http://orcid.org/0000-0002-6718-4575
https://aip.scitation.org/author/Kohda%2C+Makoto
https://aip.scitation.org/author/Ohya%2C+Shinobu
https://aip.scitation.org/author/Ohya%2C+Shinobu
http://orcid.org/0000-0003-1417-9403
https://aip.scitation.org/author/Nitta%2C+Junsaku
/topic/special-collections/cp2019?SeriesKey=adv
/topic/special-collections/eng2019?SeriesKey=adv
/topic/special-collections/fp2019?SeriesKey=adv
/topic/special-collections/ms2019?SeriesKey=adv
/topic/special-collections/mp2019?SeriesKey=adv
https://doi.org/10.1063/5.0023282
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0023282
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0023282&domain=aip.scitation.org&date_stamp=2020-10-06

scitation.org/journal/adv

AIP Advances ARTICLE

Room-temperature perpendicular magnetic
anisotropy of Pt/Co/AlO, trilayers
oh SrTiOz (001)

Cite as: AIP Advances 10, 105010 (2020); doi: 10.1063/5.0023282 @ I-l-l
Submitted: 28 July 2020 « Accepted: 14 September 2020
Published Online: 6 October 2020

®

iew Online CrossMark

Export Citatio

Ye Du,'”? Makoto Kohda,'#¢7%

Shinobu Ohya,****

Shoma Arai,” Shingo Kaneta-Takada,” Le Duc Anh,”** Shutaro Karube,'*
and Junsaku Nitta'**”

AFFILIATIONS

TDepartment of Materials Science, Tohoku University, Sendai 980-8579, Japan

2Center for Science and Innovation in Spintronics, Tohoku University, Sendai 980-8577, Japan

*Department of Electrical Engineering and Information Systems, The University of Tokyo, Bunkyo, Tokyo 113-8656, Japan
“Institute of Engineering Innovation, The University of Tokyo, Bunkyo, Tokyo 113-8656, Japan

SPRESTO, Japan Science and Technology Agency, 4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan

SCenter for Spintronics Research Network, Tohoku University, Sendai 980-8577, Japan

"Division for the Establishment of Frontier Sciences, Tohoku University, Sendai 980-8577, Japan

8Center for Spintronics Research Network (CSRN), The University of Tokyo, Bunkyo, Tokyo 113-8656, Japan

2 Authors to whom correspondence should be addressed: makoto@material.tohoku.acjp; ohya@cryst.t.u-tokyo.acjp;
and nitta@material.tohoku.acjp

ABSTRACT

We demonstrate room-temperature perpendicular magnetic anisotropy (PMA) in Pt/Co/AlO, trilayers sputter-deposited onto a SrTiO3
(STO) (001) substrate. Reflection high-energy electron diffraction and x-ray diffraction results confirm the two-dimensional polycrystalline
nature for both Pt and Co layers in PMA films, which are (111) oriented in the out-of-plane direction. While the PMA in Pt/Co/AlO; trilayers
on STO (001) is found to have interfacial origins, sizable PMA is maintained when Pt layer thickness is as thin as 1 nm, which is several times
to one order of magnitude smaller than the reported values of the spin diffusion length for Pt, thus facilitating spin transmission along the
thin-film-normal direction. With the STO (001) substrate serving as the fundamental building block for realizing giant Rashba spin split-
ting, this work provides a feasible platform for the investigation of magnetization switching in two-dimensional-electron-gas-based magnetic
hetero-structures at room temperature.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0023282

719 at both low tem-

Since the discovery of perovskite SrTiO3/LaAlO; (STO/LAO)
high-mobility two-dimensional electron gas (2DEG) by Ohtomo
and Hwang, various related physical phenomena have been dis-
covered such as the 2D superconductivity,”’ emergent ferromag-
netism,” and novel quantum magneto-transport.”® Over the past
few years, STO-based perovskite hetero-structures have exhibited
new functionalities in the research field of spintronics. In partic-
ular, gate-tunable Rashba spin-orbit coupling’ has been unveiled
at the (001)-oriented STO/LAO interface, fostering very efficient

spin-charge current conversions observed later
perature and room temperature in the presence of Rashba spin-orbit
interaction."'” Such a large spin-charge conversion efficiency at
oxide interfaces shows considerable potential in spintronic appli-
cations such as magnetization switching'®'” and spin-orbit-based
logic operations.'*

In view of spintronic applications based on the perovskite
substrate [e.g., the STO (001) single-crystalline substrate that
is commonly used' **® 13,19,20]’ metallic hetero-structures with
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room-temperature perpendicular magnetic anisotropy (PMA)”' are
particularly favorable because they allow enhanced device density
and thermal stability compared with the in-plane-magnetized ones.
However, achieving room-temperature PMA in multilayer films pre-
pared on a STO (001) substrate is challenging. For example, although
PMA was found in a thin ferromagnetic Co layer sandwiched by the
STO (001) substrate and a 2.4 nm Pt capping layer below 190 K,”
the PMA deteriorates at 300 K. In a very recent study, sizable
PMA was successfully obtained in [Ni/Pt] (001) epitaxial super-
lattices by strain engineering,”’ but high temperature (400 °C) is
required during the deposition process, which leads to undesirable
interlayer atomic diffusion. Alternatively, it was reported that the
deposition of a 5 nm amorphous CaTiO; buffer layer™* beneath
the Co/Pt bilayers dramatically promotes the room-temperature
PMA of the stack. It suggests that the PMA can be enhanced by
utilizing a proper buffer layer for the ferromagnet. Nevertheless,
as an oxide layer, 5 nm CaTiOs3 is relatively thick, and diffusive
spin current transmitting through it may decay rapidly. There-
fore, up to now, a convenient way to obtain the room-temperature
PMA in nanoscale films prepared on a STO (001) substrate
with a thin, metallic buffer layer that facilitates spin transmission
is lacking.

In this work, we demonstrate, for the first time, the room-
temperature PMA in Pt/Co/AlOy trilayers sputter-deposited onto
a STO (001) substrate at ambient temperature. Detaﬂed structural
characterizations reveal the 2D polycrystalline nature” for both Pt
and Co layers, which are oriented in the [111] out-of-plane direction
(note that the term “2D polycrystalline” refers to structural proper-
ties and is not related to the quantum confinement such as that in
2D electron or hole gas"'”*"). The PMA is maintained when Pt layer
thickness is reduced to 1 nm, which is several times to one order
of magnitude smaller than the reported values of the spin diffusion
length for Pt,"*” thus allowing efficient spin-current transmission.
Our results provide a convenient method to achieve PMA on STO
(001) at room temperature despite the different orientation sym-
metries between the substrate and the ferromagnet, i.e., a fourfold
in-plane symmetry for STO (001), while a sixfold in-plane symmetry
for Co (111).

Thin films of Pt (tp;)/Co (t¢)/AlOx (2 nm) trilayers are sputter-
deposited at ambient temperature onto a STO (001) substrate
by using an ultrahigh-vacuum rf magnetron sputtering facility.
All the layers are deposited with a sputtering power of 50 W
under an Ar pressure ranging from 0.2 Pa to 0.7 Pa. Before
the deposition, to obtain an atomically flat TiO,-terminated sur-
face on the substrate, it is chemically etched by buffered HF and
annealed in an electrical furnace at 1000 °C for 1 h in the atmo-
sphere. In addition to the films deposited onto STO (001), sev-
eral sets of films are also prepared on a thermally oxidized Si
substrate (Si/SiOx) as control samples. The thicknesses of the lay-
ers are pre-determined using the conventional stylus measure-
ment. Reflection high-energy electron diffraction (RHEED) and
x-ray diffraction (XRD) are used to characterize the crystallinity
of the samples. The magnetic anisotropy of the thin films is
examined by using the polar magneto-optic Kerr effect (MOKE)
measurement.

Figure 1 shows the RHEED patterns of each layer for Pt
(1 nm)/Co (t§)/AlOx (2 nm) thin films with (a) tr = 0.3 nm, (b)
tp = 0.6 nm, and (c) fr = 1.0 nm. The AlO, layer is found to

scitation.org/journal/adv

(c) =1.0nm
FIG. 1. Reflection high-energy electron diffraction patterns for Pt (1 nm)/Co
(te)/AIOx (2 nm) thin films sputter-deposited onto STO (001) substrates with (a)

tr = 0.3 nm, (b) t- = 0.6 nm, and (c) tz = 1.0 nm. The AlOy layer is amorphous for
all of the samples. The incident electron beam direction is along STO [100].

be amorphous for all the samples. The Pt patterns are very differ-
ent from those of (111)-oriented epitaxial Pt films™ prepared on,
e.g., an Al,O3 (0001) substrate but are highly consistent with a 2D
polycrystalline description,” where all the Pt grains are (111) ori-
ented in the film normal direction, while their in-plane orientations
are highly randomized. This result seems to be natural because Pt,
having a face-centered-cubic (fcc) structure, is expected to acquire
the lowest surface energy’’ with crystals oriented in the close-
packed {111} planes. As for the Co layer, as its RHEED patterns are
almost identical to those of (111)-oriented Pt, it is suggested that
Pt and Co layers have epitaxial relationship within each grain. In
addition, Co is probably fcc instead of the hexagonal-close-packed
(hcp) structure because the maximum ¢r in our study (=1.0 nm)
is less than 6-8 monolayers of (111) Co, above which thickness
there occurs a phase transition from fcc to hcp, according to a
previous study.”’

As shown in Fig. 2, the 2D polycrystalline nature of the
Pt layer is further corroborated by using XRD characterizations.
Figure 2(a) shows the out-of-plane XRD patterns for the 10 nm Pt
layer deposited onto a STO (001) substrate and also for a bare sub-
strate. From the comparison, it is confirmed that all the Pt grains
are aligned along the [111] out-of-plane orientation. The in-plane
XRD scan for the Pt (110) peak shown in Fig. 2(b) suggests that the
in-plane orientations of Pt grains are highly randomized because
no preferred orientations are found. This is also consistent with
the description for a 2D poly-crystal.”” It is worth noting that a
12-period oscillation appears in the in-plane XRD scan [Fig. 2(b)],
indicating the existence of twin crystals for Pt (111) planes that have
30° offset with respect to each other [inset of Fig. 2(b)]. Nevertheless,
the exact origin for such an oscillation is not yet clear, but it is likely
to originate from the high symmetry of (111)-oriented Pt crystals on
STO (001).

Figures 3(a)-3(g) show the polar MOKE results for Pt
(1 nm)/Co (tr)/AlOy (2 nm) thin films on STO (001) with ¢ ranging
from 0.3 nm to 1.0 nm. With increasing t¢, out-of-plane hystere-
sis opens a window in the fr range of 0.41 nm-0.6 nm, suggesting
sizable PMA of the trilayer thin films. With a further increase in
tr, the PMA vanishes as a result of overwhelming in-plane shape
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FIG. 2. (a) Out-of-plane x-ray diffraction patterns for a STO (001) substrate and
for a 10 nm Pt thin film deposited onto STO (001). (b) In-plane x-ray diffraction
patterns for the Pt (110) peak, suggesting the existence of 30°-offset twin crystals
as shown in the inset.

anisotropy in the Co layer. Figure 3(h) shows the summary of the
tr dependence of coercivity for STO (001)-based samples and also
for control samples of Si/SiOx//Ta (1 nm)/Pt (1 nm)/Co (tr)/AlOy
(2 nm) and Si/SiOy//Ta (1 nm)/Pt (3 nm)/Co (t¢)/AlOy (2 nm). The
polar MOKE loops for thin films on Si/SiOy are shown in Fig. 4. It
clearly demonstrates that, with the introduction of 2D poly-crystal
in Pt/Co/AlOy trilayers, sizable PMA can be achieved with a thin Pt
buffer layer of only 1 nm, while the PMA vanishes if the same lay-
ered thin films are deposited onto Si/SiO, substrates with a 1 nm
Ta buffer layer. This shows the distinct advantage of our 2D poly-
crystalline films to achieve PMA compared to conventional 3D poly-
crystalline films,”'** where a thicker Pt buffer layer of, e.g., 3 nm, is
required.

The PMA in Pt/ferromagnet/oxide trilayers has been found
to have interfacial origins.”” "> The PMA of a ferromagnetic metal
such as Co is strongly related to the anisotropy of its 3d orbitals.
The orbital symmetry breaking by an interface results in an energy
difference between 3d orbitals pointing toward the interface and
pointing within the interfacial plane,” which gives rise to PMA.”
On one hand, it was demonstrated that the PMA can be dra-
matically enhanced via the hybridization at the Pt/ferromagnet

scitation.org/journal/adv
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FIG. 3. (a)~(g) Polar MOKE results for STO (001)//Pt (1 nm)/Co (t)/AIOx (2 nm)
thin films with ¢ ranging from 0.3 nm to 1.0 nm. (h) Co layer thickness t depen-
dence of coercivity for STO (001)//Pt (1 nm)/Co (tg)/cap, Si/SiOx//Ta (1 nm)/Pt
(1 nm)/Co (tg)/cap, and Si/SiOx//Ta (1 nm)/Pt (3 nm)/Co (t)/cap, where “cap”
stands for 2 nm amorphous AlOy.

interface.”’ On the other hand, the charge transfer’” between the fer-

romagnet and oxygen atoms of the oxide layer (AlO,, MgO et al.)
has also been proposed to play a significant role because it can
reduce the energy of the out-of-plane orbitals and thus increase
the PMA 136

As for a discussion on the origin of the PMA in our 2D poly-
crystalline thin films, it is demonstrated that the PMA disappears
dramatically by replacing the capping layer from AlO, to MgO
[Fig. 5(a)], where the MgO capping layer, in contrast to the amor-
phous AlO, capping layer, shows certain crystallinity [Fig. 5(b)].
This is clear evidence that the origin of PMA is strongly associ-
ated with the interfacial condition at the Co/oxide interface.”’ Such
a result is somewhat consistent with a previous study™® that the
PMA becomes rather weak in the as-deposited Pt/Co (0.6 nm)/MgO
(2 nm) trilayers on Si/SiOx without any post-annealing. It was previ-
ously shown that an optimized density of Co-O bonding is required

AIP Advances 10, 105010 (2020); doi: 10.1063/5.0023282
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FIG. 4. Polar MOKE results of (a) Ta (1 nm)/Pt (3 nm)/Co ({¢)/AlOy (2 nm) and (b)

Ta (1 nm)/Pt (1 nm)/Co (t)/AIOx (2 nm) thin films deposited at room temperature

onto Si/SiOy substrates.
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FIG. 5. (a) Polar MOKE results for Pt (1 nm)/Co (0.5 nm)/MgO (2 nm)/Ta (2 nm)
and Pt (1 nm)/Co (0.53 nm)/AIOx (2 nm) thin films deposited onto STO (001)
substrates. (b) Reflection high-energy electron diffraction patterns for the Pt
Co, and MgO surface of the Pt (1 nm)/Co (0.5 nm)/MgO (2 nm)/Ta (2 nm)
thin film.

2

to maximize the PMA,” ie. an either under-oxidized or over-
oxidized Co layer leads to a reduced PMA.”" This result indicates
that in our samples, the Co/AlOy interface with an amorphous AlOy
capping layer acquires a more optimized density of Co-O bonding
compared to the Co/MgO interface with a crystallized MgO capping
layer in favor of PMA.

Figures 6(a)-6(d) show that the PMA of Pt/Co/AlO; trilay-
ers drastically deteriorates when Pt buffer layer thickness reduces
below 1 nm. This is accompanied by a gradual degradation
of Co [111] orientation because, as a distinct comparison, a
Co single layer deposited directly onto the STO (001) substrate
becomes polycrystalline or amorphous [Fig. 6(e)], while a Co
layer deposited upon the 1.0 nm Pt buffer layer is highly (111)
oriented as shown in Fig. 1. It suggests that the [111] orien-
tation in the Co layer is promoted by the (111)-oriented Pt
buffer layer [Figs. 6(e)-6(h)]; additionally, such a [111] orienta-
tion is beneficial to obtaining a sizable PMA in Co, which is
consistent with previous PMA studies in (111)-oriented Pt/Co
superlattices, where an oxide capping layer is absent.””’®" Tt
indicates that the Pt 5d-Co 3d hybridizationj(’ at the (111)-
oriented Pt/Co interface contributes positively to the PMA in
our samples.

The discussion above shows that the PMA in our 2D poly-
crystalline samples is intimately related to the oxidation condition

scitation.org/journal/adv

0.10

(a)
0.05}
&
g 0.00
-
-0.05}
010 Co (0.53)/cap STO(001)//Co (0.53)
04 02 00 02 04
H,, (kOe)
0.10
(b)
0.05}
g 0.00 e
-
-0.05} ]
510 P1(0.6)/Co (0.46)/cap |  EYKO(IRMILY(XS)
04 02 00 02 04
H,, (kOe)
0.10 ‘ ‘ ‘
(c) (9)
0.05| ]
8 0.00 il
;5:‘ /
-0.05} ]
IR (R (I STO (001)//Pt(0-8)
~04 02 00 02 04
H,, (kOe)
0.10 ‘ ‘ ‘
(d) (h)
0.05} ]

0.00 ; ?
-0.05¢

010 Pt (1.0)/Co (0.46)/cap
04 02 00 02 04
H_,, (kOe)

9, (deg.)

STO (001)//Pt (1.0)

FIG. 6. Polar MOKE results for (a) Co (0.53 nm)/cap, (b) Pt (0.6 nm)/Co
(0.46 nm)/cap, (c) Pt (0.8 nm)/Co (0.46 nm)/cap, and (d) Pt (1.0 nm)/Co
(0.46 nm)/cap thin films deposited onto STO (001) substrates, where the “cap”
stands for 2 nm AlOy. Reflection high-energy electron diffraction patterns for (e)
0.53 nm Co, (f) 0.6 nm Pt, (g) 0.8 nm Pt, and (h) 1.0 nm Pt single-layer thin films
deposited onto STO (001) substrates.

at Co/AlOy interfaces; additionally, the observed PMA is likely
to be associated with the strong Pt/Co interfacial hybridization,
which occurs in the presence of Co (111).” Note that a recent
study” suggests the interfacial strain effect to be another possi-
ble origin of PMA in Pt-based thin films deposited onto STO
(001). As for our present study, the 12-period oscillation shown
in Fig. 2(b) is clear evidence that the strain is not fully released,
at least within the plane of the Pt/Co bilayers; additionally, a
significant magnetic anisotropy difference is found when com-
paring the MOKE results of 2D polycrystalline films [solid cir-
cles, Fig. 3(h)] and conventionally 3D polycrystalline films [open

AIP Advances 10, 105010 (2020); doi: 10.1063/5.0023282 10, 105010-4
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squares, Fig. 3(h)], where strong PMA is found for the for-
mer (with in-plane strain), but not for the latter (without in-
plane strain). These structural and magnetic characterizations sug-
gest a possible correlation between the strain effect and PMA in
2D polycrystalline thin films, but further studies are in need to verify
such a correlation.

Our results show that PMA can be successfully obtained in
Pt/Co/AlO; trilayers prepared on a STO (001) substrate, where
the Pt and Co layers are (111)-oriented 2D poly-crystals. Such
a method to achieve PMA in a thin ferromagnetic Co layer can
potentially be applied to other (001)-oriented perovskite oxides
because of their similar lattice constants. This is very encouraging for
spin-current-based applications such as 2DEG-based magnetization
switching because conventional 2DEG built upon a STO (001) sub-
strate requires another (001)-oriented epitaxial LAO oxide layer on
top.8 1012 Moreover, another merit of this work is the utilization of
very thin Pt buffer layer, which facilitates efficient spin transmission.
This is because the spin diffusion length of Pt is reported to be sev-
eral times to one order of magnitude larger than such a buffer layer
thickness (e.g., 1 nm),z(“27 and thus, the spin relaxation effect within
the Pt layer is expected to be negligible on the vertical spin trans-
port. Thanks to such a merit, the spin current originating from the
Rashba spin accumulation at the STO/LAO interface” " is expected
to be efficiently absorbed by the neighboring ferromagnetic Co layer
via the transfer of spin angular momentum.

In conclusion, we demonstrate room-temperature PMA in
Pt/Co/AlO; trilayers sputter-deposited onto STO (001) at ambi-
ent temperature, where Pt and Co layers are confirmed to be 2D
poly-crystals with the [111] out-of-plane orientation. Sizable PMA is
maintained when Pt buffer layer thickness is reduced to 1 nm, which
is expected to be thin enough for efficient vertical spin transmission.
Our results show that strong PMA can be achieved at room tempera-
ture, despite very different in-plane orientation symmetries between
the STO (001) substrate and the ferromagnetic Co layer. Moreover,
this work provides a convenient platform for the investigation of
magnetization switching in 2DEG-based PMA hetero-structures at
room temperature.
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