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ABSTRACT
Magnetic properties of Co film in Pt/Co/α-Cr2O3/Pt/α-Al2O3 structure were investigated. Co layer thickness tCo dependence of perpendicular
magnetic anisotropy energy density K reveals that the bulk magnetic anisotropy plays an important role in the system in addition to the
interfacial anisotropy. Damping constant α monotonically increases with the decrease of tCo but not proportionally to 1/tCo. Both K and α
increase with the increase of Pt layer thickness tPt from 3 nm to 5 nm and keeps almost constant in the tPt range between 5 nm to 20 nm.
These results are of importance to understand the magnetization switching behavior driven by the magneto-electric (ME) effect as well as to
design the spintronics device using the ME effect.

© 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/10.1063/1.5130439., s

I. INTRODUCTION

Modulation of magnetic properties by means of electric-field
is attracting much attention for application to low power electron-
ics. The electric-field effect on the magnetic properties has been
first observed in magnetic semiconductors, followed by in metal-
lic systems.1–12 The electric-field induced magnetic anisotropy has
been studied most intensively owing to its possibility for non-volatile
memory application as it can switch the magnetization direction in
nanomagnet.10,11 Recently, the other scheme to manipulate the mag-
netization direction has been also studied, that is, so called magneto-
electric (ME) switching.13–22 The ME switching of magnetization
enables the direct coupling between the magnetization and the elec-
tric field using ME materials whose magnetization can be controlled
by the electric field, and vice versa, the electric polarization can
be controlled by the magnetic field. This scheme enables one to
achieve the electric-field-induced switching the magnetization of a

ferromagnetic (FM) layer by the exchange coupling with an anti-
ferromagnetic (AFM) layer at the FM/AFM interface through the
change in the polarity of exchange bias. Among variety of ME mate-
rials, Cr2O3 is one of the most intensively studied systems show-
ing the global magnetization switching up to room temperature as
demonstrated in the bulk system.14 In particular, the demonstrations
in all-thin-film Pt/Co/α-Cr2O3 systems with the perpendicular mag-
netic anisotropy (PMA) have recently achieved opening the poten-
tial for device application as well as understanding their rich funda-
mental physics regarding ME effect.15–22 Since the PMA plays domi-
nant role in determining the switching behavior using the ME effect
in the system, a detail investigation of magnetic properties for the Co
layer in this system is required. So far there are some papers report-
ing on the magnetic properties of the Co layer not only in Pt/Co
stack films,23 but also in Pt/Co multilayers24 with the PMA. How-
ever, since the magnetic properties, especially the dynamic magnetic
properties such as the damping constant is very sensitive with the
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stacking structure and the interfacial condition. Therefore, a detailed
investigation is important to realize the application of Cr2O3-based
ME switching. As it is well known, both of the interfacial anisotropy
and the bulk anisotropy are present in the Pt/Co system. Previ-
ously, those anisotropies in the Pt/Co/α-Cr2O3 system have been
quantitatively evaluated.25 However, the relation with the damping
constant, which characterizes magnetization dynamics,26 has been
lacked. For practical applications, high speed switching characteris-
tics is of importance and the damping is one of factors governing
it. In the previous report, it was shown that the ME-driven mag-
netic domain wall (DW) mobility in the Pt/Co/Au/α-Cr2O3 system
was quite similar to the magnetic-field DW mobility of the Pt/Co/Pt
system despite that the very small damping constant was predicted
for the α-Cr2O3, which suggests that the switching dynamics in the
Pt/Co/α-Cr2O3 system was governed by the magnetization dynam-
ics of the Pt/Co. In the present study, to deepen understating those
important magnetic properties for the switching using the ME effect
with α-Cr2O3, we investigated the magnetic properties of the Co
layer in the Pt/Co/α-Cr2O3 system.

II. EXPERIMENTAL METHODS
Pt-cap(tPt)/Co(tCo)/α-Cr2O3/Pt-buffer layer stacked films were

deposited by DC magnetron sputtering onto α-Al2O3 (0001) sub-
strates. The base pressure of the sputtering chamber was below
5 × 10−7 Pa. First, the 20-nm thick Pt buffer layer was deposited
on the α-Al2O3 (0001) substrate at 873 K. Then, the 200-nm thick
Cr2O3 layer was formed on the Pt buffer layer by the reactive sput-
tering in the flow of an argon-oxygen gas mixture with the substrate
temperature of 773 K. The Co layer and the Pt capping layer were
subsequently deposited at room temperature. tCo was varied from
0.6 nm to 1.1 nm with the fixed tPt = 3 nm, and tPt was varied from
3 nm to 20 nm with the fixed tCo = 1 nm. More details on the sam-
ple preparation and the structural characterization were described
elsewhere.27

The crystalline orientations of each layer were characterized by
reflection high-energy electron diffraction (RHEED) with the accel-
eration voltage of 25 kV and the filament current of typically ∼50 μA.
As for the magnetic properties of the Co layer in this system, their
magnetization measurements were investigated by a vibrating sam-
ple magnetometer (VSM), which provided the saturation magnetiza-
tion MS. An effective perpendicular magnetic anisotropy field HK

eff

and the damping constant α were evaluated by a broadband ferro-
magnetic resonance (B-FMR) measurement technique composing of
a vector network analyzer and a coplanar waveguide. In the B-FMR
experiment, the frequency range from 10 MHz to 50 GHz was used

to excite FMR under the application of various external magnetic
fields along the film normal direction. The FMR spectra were col-
lected in the frequency domain at various fixed magnetic fields, after
subtracting the background signal. Details for the FMR experiment
was described elsewhere.26 All the measurements were performed at
room temperature.

III. RESULTS AND DISCUSSION
First, we show structural analysis results on the Pt-cap/Co/

Cr2O3/Pt-buffer layer stacked on α-Al2O3 (0001) substrate. Typi-
cal RHEED images with the [112̄0]substrate-azimuth obtained for the
film with tCo = 1.0 nm and tPt = 10 nm are shown in Fig. 1 with the
clear streaks/spots. The RHEED patterns showing the crystal quality
of each layers depend strongly on the deposition condition and the
stacking structure as shown in our previous paper.27 In this research,
by using the deposition condition as described in the experimen-
tal part, the clear RHEED pattern was observed as a result of the
good epitaxial structure between all layers. Also for the Co layer
and Pt cap layer, the clear RHEED pattern could still be obtained
even though they were deposited at room temperature at which
the temperature dependence of the magnetic properties of the Co
layer can be ignored. In addition, the good epitaxial relationship
between Co (a = 5.057 Å)28 and Cr2O3 (a = 4.958 Å; c = 13.586 Å)29

would be attributed to their small lattice mismatch (1.96%), while
(111) oriented Pt (a = 5.532 Å)30 layer still could be obtained on
Co, despite of their high lattice mismatch (9%). The diffraction pat-
tern can be indexed by fcc(111) for Pt and Co, and corundum(0001)
for Cr2O3, respectively.27,31 According to the structural factor of the
corundum structure, the [112̄0]substrate-azimuthal diffraction pattern
is asymmetric with respect to (0,0) streak. The observed symmetric
diffraction pattern indicates that the twin boundaries along [112̄0]
are included in the film.32

Next, we show Co layer thickness dependence of magnetic
properties. Figure 2(a) shows saturation magnetic moment per unit
area as a function of Co layer thickness tCo. We fit a linear function
to the experimental results and obtained the saturation magnetiza-
tion MS of Co from its slope. MS of the Co layer was determined
to be 1503 emu/cm3, which was very close to the bulk value, indi-
cating no significant mutual diffusion between Co and Cr2O3 or
Pt capping layer. As shown in Fig. 2(a), the intercept of the linear
fit was positive. This can be ascribed to the proximity effect at the
Pt/Co interface, which induces a finite magnetic moment in Pt at the
interface. The value of induced moment of Pt was determined to be
3.5×10−5 emu/cm2, which is comparable to the value in the other
reports.33,34 Someone might wonder at the non-continuity of the Co

FIG. 1. RHEED images during deposi-
tion of a Pt(10 nm)/Co(1 nm)/Cr2O3/Pt
stacked film with electron azimuths
[112̄0] of the α-Al2O3(0001) substrate.

AIP Advances 10, 015152 (2020); doi: 10.1063/1.5130439 10, 015152-2

© Author(s) 2020

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

FIG. 2. (a) Co layer thickness dependence of (a) saturation magnetic moment per unit area mS. Inverse of Co layer thickness dependence of (b) perpendicular magnetic
anisotropy energy density K and (c) damping constant α.

layer in the low thickness region. If that is indeed a case in this study,
magnetic anisotropy should be significantly reduced. However, as
shown in Fig. 2(a) and Fig. 2(b), we did not see any anomaly in
the Co thickness dependence of Ms and magnetic anisotropy. Thus,
we infer that the Co film is still continuous at the studied thickness
range. The intermixing sometime appeared in the system with small
FM layer thickness35 would also be exclude in these samples because
we could obtain well-defined RHEED patterns and did not find any
significant change in the VSM data of the samples with small tCo
which is similar with our previous reports.16–22

Figure 2(b) shows inverse of Co layer thickness dependence of
perpendicular magnetic anisotropy energy density K. In the Pt/Co
film with the interfacial anisotropy, three different components
contribute to the magnetic anisotropy:36,37

Keff = Ki/tCo + Kb − 2πMS
2

The first term is the interfacial anisotropy K i, the second term
is bulk magnetic anisotropy Kb originating from either crystalline
anisotropy or magnetic elastic anisotropy), and the last term is the
shape anisotropy. Thus, the magnetic anisotropy of the Pt/Co can be
expressed as follows;

K = Keff + 2πMS
2
= Ki/tCo + Kb

where Keff is effective magnetic anisotropy energy density, MS is the
saturation magnetization taking into account the induced moment
of Pt. Keff was determined by the following relationship MSHK

eff/2,
where MS was measured by VSM and HK

eff was measured by FMR.
As shown in Fig. 2(b), perpendicular magnetic anisotropy energy
density (including both bulk and interfacial contributions) increases
with the increase of 1/tCo, indicating the presence of interfacial
anisotropy. From a linear fit to the experimental results, K i and Kb
were obtained from the slope and intercept, respectively. The value
of K i was about 1.1 erg/cm2, which was very close to the reported
values with the Pt/Co on a-Cr2O3

25 and the fcc(111)-textured Co/Pt
multilayer.37 On the other hand, the value of Kb obtained from the
intercept was 13.3×106 erg/cm3, which was higher than the reported

value for the Pt/Co/α-Cr2O3 system (12.7×106 erg/cm3),25 the Co/Pt
multilayer and another system with oxide/FM/NM structure.25,36,37

In the previous report on Pt/Co/α-Cr2O3 system,25 the α-Cr2O3
layer thickness was 50 nm whereas 200 nm in the present study.
The thick α-Cr2O3 can be robust and resultantly, the much more
strain would be stored in the Co layer. Another possible explana-
tion for the discrepancy is the difference in the crystal structure. In
this study, we deposited the single Co film on α-Cr2O3 film using
sputtering, whereas the Co/Pt multilayer was deposited on the Pt
buffer layer using e-beam evaporation. Those difference could yield
in the difference of the crystal structure of the Co layer, which
could result in the difference in the bulk anisotropy as it origi-
nates from either the crystalline anisotropy or the magnetic elastic
anisotropy.

Figure 2(c) shows the dependence of the damping constant α
on the inverse of the Co layer thickness. α takes the same trend as
that observed in K, i.e., α increases with the decreases of tCo sim-
ilar to the behavior of K. The α enhancement in a PMA system
would be attributed to various origins such as the spin orbit coupling
(SOC),38 the spin-pumping.39 The spin pumping effect should lead
to a monotonous decrease of α with tCo, but it was not observed in
our system, i.e., α increased significantly in the low tCo range whereas
α only slightly changed in the high tCo range. This result implied
that the spin pumping is not the main contribution to the origin of
α. The similar behavior was also seen in the previous report; how-
ever, the change in increasing rate of α below 1 nm was smaller
than that in the present study.23 Because the Pt/Co/Pt structure
was used in the previous study, the difference might be related to
the crystal structure and/or electronic state of the Co layer. Further
study is required to elucidate the anomaly in the tCo dependence
of α.

Finally, we show capping layer thickness tPt dependence of
the perpendicular magnetic anisotropy energy density K and α in
the Figures 3(a) and (b), respectively. Both K and α increase with
the increase of tPt from 3 nm to 5 nm and keeps almost constant in
the tPt range between 5 nm to 20 nm. While the increase of K could
originate from increase of bulk anisotropy as the increased Pt layer
thickness is much larger than monolayer, it is yet to be elucidate.
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FIG. 3. Pt capping layer thickness
dependence of (a) perpendicular mag-
netic anisotropy energy density K and (b)
damping constant α.

Although no good correlation between K and α was observed in Co
layer thickness dependence, it was observed in the Pt layer thickness
dependence. This is similar with the result calculated in the previ-
ous report40 for (001) fcc-Co/Pt bilayers in which the SOC has been
taken into account as the origin of the magnetization dynamics. The
result again suggests that the α enhancement in the thin Co layer
thickness region does not originate solely from the spin-pumping,
because the α enhancement with the increase of tPt was observed in
much thinner region.40,41

IV. SUMMARY
The magnetic properties of the Co layer with the structure

of Pt/Co/Cr2O3/Pt deposited on Al2O3 substrate were investigated.
From the magnetization measurement, we found that the magnetic
moment is induced in Pt at vicinity of the Pt/Co interface. Co
layer thickness dependence reveals that the perpendicular magnetic
anisotropy of the Co layer in the stack has its origin in the bulk
anisotropy in addition to the interfacial anisotropy. Damping con-
stant α increased with the decrease of the Co layer thickness, how-
ever, it was not in proportion to the inverse of Co layer thickness,
indicating that the effects other than the spin-pumping is related
to the α enhancement. Through the Pt layer thickness dependence
of the magnetic properties, we found that the Pt capping layer also
influences the magnetic anisotropy and damping constant. Both of
the magnetic anisotropy and the damping constant increase with
the increase of Pt layer thickness from 3 nm to 5 nm. In contrast
to the Co layer thickness dependence, the good correlation between
the magnetic anisotropy and damping constant was observed in the
Pt layer thickness dependence. The results obtained in this study are
of importance to understand the switching behavior using ME effect
in α-Cr2O3 as well as to design the spintronics device using it.

ACKNOWLEDGMENTS
The authors also acknowledge the Core Research Cluster pro-

gram of Tohoku University for the financial support. This work
was partly supported by JSPS KAKENHI Grant Nos. 17K18991,
16H03832, 16H02389, 19H00825, 19K23583, CSIS at Tohoku Uni-
versity, CSRN at Tohoku University, and the Photonics Advanced
Research Center (PARC) at Osaka University.

REFERENCES
1H. Ohno, D. Chiba, F. Matsukura, T. Omiya, E. Abe, T. Dietl, Y. Ohno, and
K. Ohtani, Nature (London) 408, 944 (2000).
2D. Chiba, M. Yamanouchi, F. Matsukura, and H. Ohno, Science 301, 943 (2003).
3D. Chiba, M. Sawicki, Y. Nishitani, Y. Nakatani, F. Matsukura, and H. Ohno,
Nature (London) 455, 515 (2008).
4D. Chiba, A. Werpachowska, M. Endo, Y. Nishitani, F. Matsukura, T. Dietl, and
H. Ohno, Phys. Rev. Lett. 104, 106601 (2010).
5M. Weisheit, S. Fahler, A. Marty, Y. Souche, C. Poinsignon, and D. Givord,
Science 315, 349 (2007).
6T. Maruyama, Y. Shiota, T. Nozaki, K. Ohta, N. Toda, M. Mizuguchi, A.
Tulapurkar, T. Shinjo, M. Shiraishi, S. Mizukami, Y. Ando, and Y. Suzuki, Nat.
Nanotechnol. 4, 158 (2009).
7M. Zhernenkov, M. R. Fitzsimmons, J. Chlistunoff, and J. Majewski, Phys. Rev. B
82, 024420 (2010).
8D. Chiba, S. Fukami, K. Shimamura, N. Ishiwata, K. Kobayashi, and T. Ono, Nat.
Mater. 10, 853 (2011).
9M. Endo, S. Kanai, S. Ikeda, F. Matsukura, and H. Ohno, Appl. Phys. Lett. 96,
212503 (2010).
10Y. Shiota, T. Nozaki, F. Bonell, S. Murakami, T. Shinjo, and Y. Suzuki, Nat.
Mater. 11, 39 (2012).
11S. Kanai, M. Yamanouchi, S. Ikeda, Y. Nakatani, F. Matsukura, and H. Ohno,
Appl. Phys. Lett. 101, 122403 (2012).
12A. Okada, S. Kanai, M. Yamanouchi, S. Ikeda, F. Matsukura, and H. Ohno, Appl.
Phys. Lett. 105, 052415 (2014).
13P. Borisov, A. Hochstrat, X. Chen, W. Kleeman, and Ch. Binek, Phys. Rev. Lett.
94, 117203 (2005).
14X. He, N. Wu, A. N. Caruso, E. Vescovo, K. D. Belashchenko, P. A. Dowben,
and Ch. Binek, Nat. Mater. 9, 579 (2010).
15T. Ashida, M. Oida, N. Shimoura, T. Nozaki, T. Shibata, and M. Sahashi, Appl.
Phys. Lett. 104, 152409 (2014).
16K. Toyoki, Y. Shiratsuchi, T. Nakamura, C. Mitsumata, S. Harimoto, Y. Takechi,
T. Nishimura, H. Nomura, and R. Nakatani, Appl. Phys. Express 7, 114201 (2014).
17K. Toyoki, Y. Shiratsuchi, A. Kobane, S. Harimoto, S. Onoue, H. Nomura, and
R. Nakatani, J. Appl. Phys. 117, 17D902 (2015).
18T. V. A. Nguyen, Y. Shiratsuchi, and R. Nakatani, Appl. Phys. Express 10,
083002 (2017).
19T. V. A. Nguyen, Y. Shiratsuchi, A. Kobane, S. Yoshida, and R. Nakatani, J. Appl.
Phys. 122, 073905 (2017).
20T. V. A. Nguyen, Y. Shiratsuchi, S. Yonemura, T. Shibata, and R. Nakatani,
J. Appl. Phys. 124, 233902 (2018).
21Y. Shiratsuchi, S. Watanabe, H. Yoshida, N. Kishida, R. Nakatani, Y. Kotani,
K. Toyoki, and T. Nakamura, Appl. Phys. Lett. 113, 242404 (2018).
22Y. Shiratsuchi, H. Yoshida, Y. Kotani, K. Toyoki, T. V. A. Nguyen, T. Nakamura,
and T. Nakamura, APL Mater. 6, 121104 (2018).

AIP Advances 10, 015152 (2020); doi: 10.1063/1.5130439 10, 015152-4

© Author(s) 2020

https://scitation.org/journal/adv
https://doi.org/10.1038/35050040
https://doi.org/10.1126/science.1086608
https://doi.org/10.1038/nature07318
https://doi.org/10.1103/physrevlett.104.106601
https://doi.org/10.1126/science.1136629
https://doi.org/10.1038/nnano.2008.406
https://doi.org/10.1038/nnano.2008.406
https://doi.org/10.1103/physrevb.82.024420
https://doi.org/10.1038/nmat3130
https://doi.org/10.1038/nmat3130
https://doi.org/10.1063/1.3429592
https://doi.org/10.1038/nmat3172
https://doi.org/10.1038/nmat3172
https://doi.org/10.1063/1.4753816
https://doi.org/10.1063/1.4892824
https://doi.org/10.1063/1.4892824
https://doi.org/10.1103/physrevlett.94.117203
https://doi.org/10.1038/nmat2785
https://doi.org/10.1063/1.4871515
https://doi.org/10.1063/1.4871515
https://doi.org/10.7567/apex.7.114201
https://doi.org/10.1063/1.4906322
https://doi.org/10.7567/apex.10.083002
https://doi.org/10.1063/1.4991053
https://doi.org/10.1063/1.4991053
https://doi.org/10.1063/1.5047563
https://doi.org/10.1063/1.5053925
https://doi.org/10.1063/1.5053928


AIP Advances ARTICLE scitation.org/journal/adv

23S. Mizukami, E. P. Sajitha, D. Watanabe, F. Wu, T. Miyazaki, H. Naganuma,
M. Oogane, and Y. Ando, Appl. Phys. Lett. 96, 152502 (2010).
24T. Devolder, S. Couet, J. Swerts, and S. G. Kar, J Phys. D: Appl. Phys. 51, 135002
(2018).
25Y. Shiratsuchi, H. Oikawa, S. Kawahara, Y. Takechi, T. Fujita, and R. Nakatani,
Appl. Phys. Express 5, 043004 (2012).
26E. C. I. Enobio, H. Sato, S. Fukami, F. Matsukura, and H. Ohno, IEEE Magn.
Lett. 6, 5700303 (2015).
27Y. Shiratsuchi, W. Kuroda, T. V. A. Nguyen, Y. Kotani, K. Toyoki, T. Nakamura,
M. Suzuki, K. Nakamura, and R. Nakatani, J. Appl. Phys. 121, 073902 (2017).
28I. I. Oleinik, E. Y. Tsymbal, and D. G. Pettifor, Phys. Rev. B 62, 3952 (2000).
29Y. Shiratsuchi, Y. Nakano, N. Inami, T. Ueno, K. Ono, R. Kumai, R. Sagayama,
and R. Nakatani, J. Appl. Phys. 123, 103903 (2018).
30W. P. Davey, Phys. Rev. 25, 753 (1925).
31A. Stierle, Th. Koll, and H. Zabel, Phys. Rev. B 58, 5062 (1998).
32Y. Shiratsuchi, T. Nakatani, S. Kawahara, and R. Nakatani, J. of Magn. Soc. Jpn.
33, 467 (2009).

33S. Okamoto, O. Kitakami, N. Kikuchi, T. Miyazaki, Y. Shimada, and Y. K.
Takahashi, Phys. Rev. B 67, 094422 (2003).
34W. J. Antel, Jr., M. M. Schwickert, T. Lin, W. L. O’Brien, and G. R. Harp, Phys.
Rev. B 60, 12933 (1999).
35C.-H. Su, S.-C. Lo, J. van Lierop, K.-W. Lin, and H. Ouyang, J. Appl. Phys. 105,
07C316 (2009).
36S. Ikeda, K. Miura, H. Yamamoto, K. Mizunuma, H. D. Gan, M. Endo,
S. Kanai, J. Hayakawa, F. Matsukura, and H. Ohno, Nat. Mater. 9, 721
(2010).
37C.-J. Lin, G. L. Gorman, C. H. Lee, R. F. C. Farrow, E. E. Marinero, H. V. Do,
H. Notarys, and C. J. Chien, J. Magn. Magn. Mater. 93, 194 (1991).
38V. Kambersky, Czech. J. Phys. Sect. B 26, 1366 (1976).
39H.-S. Song, K.-D. Lee, J.-W. Sohn, S.-H. Yang, S. S. P. Parkin, C.-Y. You, and
S.-C. Shin, Appl. Phys. Lett. 103, 022406 (2013).
40E. Barati, M. Cinal, D. M. Edwards, and A. Umerski, Phys. Rev. B 90, 014420
(2014).
41S. Mizukami, Y. Ando, and T. Miyazaki, Phys. Rev. B 66, 104413 (2002).

AIP Advances 10, 015152 (2020); doi: 10.1063/1.5130439 10, 015152-5

© Author(s) 2020

https://scitation.org/journal/adv
https://doi.org/10.1063/1.3396983
https://doi.org/10.1088/1361-6463/aaaf30
https://doi.org/10.1143/apex.5.043004
https://doi.org/10.1109/lmag.2015.2475718
https://doi.org/10.1109/lmag.2015.2475718
https://doi.org/10.1063/1.4976568
https://doi.org/10.1103/physrevb.62.3952
https://doi.org/10.1063/1.5020620
https://doi.org/10.1103/physrev.25.753
https://doi.org/10.1103/physrevb.58.5062
https://doi.org/10.3379/msjmag.0907mi0005
https://doi.org/10.1103/physrevb.67.094422
https://doi.org/10.1103/physrevb.60.12933
https://doi.org/10.1103/physrevb.60.12933
https://doi.org/10.1063/1.3070639
https://doi.org/10.1038/nmat2804
https://doi.org/10.1016/0304-8853(91)90329-9
https://doi.org/10.1007/bf01587621
https://doi.org/10.1063/1.4813542
https://doi.org/10.1103/physrevb.90.014420
https://doi.org/10.1103/physrevb.66.104413

