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Co thin films deposited directly on
ZnO polar surfaces

Daichi Chiba?, Naoya Shibata? & Atsushi Tsukazaki**

A ferromagnetic (FM)-metal/oxide stack is the key structure determining the performance of spintronic
. devices. However, the effect of the electronic polarity of the oxide on the magnetic properties of the
Accepted: 02 November 2016 :  adjacent FM-metal has not been investigated previously. Here, we report the magnetic and structural
Published: 29 November 2016 : properties of Co ultra-thin films sputter deposited directly on the Zn- and O-polar surfaces of ZnO

. substrates. The magnetic anisotropy and Curie temperature exhibit dramatic polarity-dependent
differences for films on these surfaces. Structural analyses reveal that the heterointerface of the Co/O-
polar surface is rather diffusive, whereas that of the Co/Zn-polar surface is atomically flat. These results
suggest that the surface polarity plays a key role in determining the properties of the film. This novel
FM-metal/polar-oxide system is expected to add new functionality to spintronic devices and provide
an ideal basis for investigating the effect of a built-in electric field on the magnetism in a metallic
monolayer.

Received: 07 September 2016 :

The combination of a ferromagnetic (FM) thin metal with a non-magnetic (NM) oxide layer has played a central
role in the recent development of spintronic devices. For example, a single-crystal MgO layer interfaced with
a 3d-FM metal results in giant tunnel magnetoresistance'? and perpendicular magnetic anisotropy (PMA) in
the FM metal layer®. The ferromagnet/oxide heterostructure is also crucial for studies of the effects of an elec-
tric field on magnetism*-'° and novel phenomena or the magnetic structure in systems with structure inversion
asymmetry'!-1°. Although the spin-filtering effect in tunnel junctions with an oxide multiferroic barrier has been
reported?®, the magnetism of a FM metal deposited directly on a polar oxide with a normal dielectric property
has not been intensively explored. Thus, this system may present an exciting opportunity to add further magnetic
functionality or controllability to FM metals.

To date, the polarity of a material has been positively used in oxide-oxide combinations. The polar discontinu-
ity at perovskite interfaces can be a source of nontrivial local atomic and electronic structure'’-'°. In addition to
perovskite interfaces, ZnO/MgZnO polar interfaces yield high-mobility two-dimensional electron gas without
impurity doping or the application of external electric fields?**'. Here, we focus on the combination of a FM metal
and a ZnO substrate with Zn- and O-polar surfaces (Fig. 1a) at its front and back sides, respectively, because of
the broken inversion symmetry in the wurtzite crystal structure along the [0001] direction?. The surface termi-
nation of ZnO substrates also depends on the (0001) or (0001) surface plane corresponding to the Zn-polar and
O-polar faces, respectively”. When a FM metal is deposited directly on its surfaces, a built-in electric field should
be introduced at the interface FM atoms, whose directions depend on the polar surface termination, as schemat-
ically shown in Fig. 1b. In this system, the built-in electric field effect on the magnetic properties (e.g.,
polarity-dependent magnetic anisotropy”?, Curie temperature Tc*?*, or Rashba spin-orbit-related phenom-
ena!3) is expected. In addition to its fundamental significance, exploring and developing such a system would
provide new insights into material design in future spintronic devices. In this study, we investigate the magnetic
and structural properties of FM Co thin films deposited directly on different ZnO polar surfaces. Dramatically
different magnetic properties were observed for ZnO surfaces with different polarities.

Sets of samples with three different nominal Co layer thicknesses (fc, = 0.40, 0.48, and 0.60 nm) were depos-
ited on Zn- and O-polar surfaces (see Methods). For the structural analyses, a sample with a thickness t¢, of
3.6nm was also prepared. All samples were capped by a 2.4-nm-thick Pt layer. The magnetic moment m for each
sample was measured using a superconducting quantum interference device (SQUID) magnetometer (Magnetic
Property Measurement System, Quantum Design inc.). The anomalous Hall effect, where the Hall resistance Ry,
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Figure 1. Zn- and O-polar surfaces of ZnO and the Co deposited directly on the ZnO. (a) Crystal structure
of ZnO. (b) The same Co ultra-thin film deposited directly on the Zn- and O-polar surfaces of a ZnO(0001)
substrate. The magnetic properties of the Co film are expected to vary depending on the polarity of the surface.
One possible factor underlying this variation is the built-in electric field E in the interfacial Co atoms.
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Figure 2. Magnetic properties of ultra-thin Co deposited on the ZnO polar surfaces. The magnetic moment
per unit area (m/S) at 200K for (a), Zn- and (b), O-polar samples with a Co thickness of t., = 0.4 nm. The red
(blue) line indicates m/S obtained by sweeping an external magnetic field (u,H) perpendicular to the plane
(along the sample plane). (c) ., dependences of the saturation magnetic moment per unit area (m,/S) at 10K.
(d,e) The temperature dependence of the remanent magnetic moment per unit area (m,/S). (f) t-, dependences
of the Curie temperature T¢.

is proportional to the perpendicular component of the magnetization, was also used to determine the magnetic
properties of each sample (see Methods). The surface and structural characteristics of the samples were deter-
mined by x-ray diffraction (XRD) (Empyrean, PANalytical), atomic force microscopy (AFM) (AFM5000, Hitachi
High-Technologies Cooporation), and scanning transmission electron microscopy (STEM). The possibility of
intermixing between the layers and the substrate was examined by STEM-energy-dispersive x-ray spectros-
copy (STEM-EDS). The scanning transmission electron microscope used in this study was aberration-corrected
JEM-ARM200F (200keV) equipped with Centurio SDD EDS detector (JEOL Co. Ltd.).

The magnetic properties differed dramatically depending on the polarity of the ZnO surface. Figure 2a and b
show the m/S-,H curves for Zn- and O- polar samples, respectively, with -, = 0.4 nm, where pH and S are

SCIENTIFIC REPORTS | 6:38005 | DOI: 10.1038/srep38005 2



www.nature.com/scientificreports/

t (NM) =——0.40, -----
1.5 1.5
d
1.0 I 10 [ .. O-polar sample
05 Eos) %o o
c® e I
Q:I 0.0 = 0.0
- So 5l
0 - o—— ,El 0.5 L Zn-polar sample
-1.0 5 -1.0F ... --------
1510 A ) O;polar sample| |f zn-polar sample

" N L 00 i L [ 1 P | N 1 L
-1 01 2 3 4 5 0123450123425 00 02 04 06 0.8 1.0
woH, (T) HoH) (T) HoH, (T) fco (NM)

Figure 3. Magnetic anisotropy of the samples. (a) The normalized Hall resistance Ry," for the O-polar
samples at 10 K obtained by sweeping the magnetic field perpendicular to the film (y,H ). The inset shows

the normalized Hall resistance under an in-plane magnetic field (0H;,). Normalized hard-axis magnetization
M,..¢" curve for the (b). O-polar and (c), Zn-polar samples at 10K. (d), The dependence of the PMA energy per
unit area (E, t,) on f¢, for both types of samples at 10K.

an external magnetic field and the area of the sample piece, respectively. Both the in-plane and perpendicular
directions of m were measured to determine the magnetic easy axis of the sample. The magnetic anisotropy
differs clearly between the samples types; i.e., the Zn-polar sample has an in-plane magnetic easy axis, whereas
the O-polar sample clearly shows PMA. The dependence of the saturation m per area (m,/S) on t., at 10K for the
three samples with f.,=0.4-0.6 nm is plotted in Fig. 2c. The m,/S of both types of samples increases linearly with
increasing t.,. The dashed-line in Fig. 2¢ is the linear fit to the data. The intercept of the linear fit was found to
be non-zero, indicating an induced magnetic moment in the Pt cap layer attributed to the FM proximity effect?.

In addition to magnetic anisotropy, T, also differed between the two types of samples. Figure 2d and e show
the temperature dependence of the remanent magnetic moment m, for both types of samples. A sharp transi-
tion from the FM state to the paramagnetic state is observed in the m -T curves measured along the easy axis.
No spin-reorientation transition (switching of the easy axis) is observed in either sample at any temperature.
Figure 2f summarizes the T for Zn- and O-polar samples, where T is defined as the temperature at which m,
became zero along the easy axis. Based on this result, the T of the Zn-polar sample is higher (by approximately
60K) than that of the O-polar sample. Notably, the two-dimensionality effect explains the increase of T with t,,
and its value is much lower than that in bulk-Co (~1400K)%.

The value of Ryy,; was measured to determine the magnetic anisotropy energy of the samples. Figure 3a
shows the normalized Ry, (Ryga™)-14oH, curve for three O-polar samples with f-,=0.4-0.6 nm at 10K, where
H | is the magnetic field applied perpendicular to the film plane. The coercivity decreases with increasing ¢,
suggesting that the PMA energy decreases with increasing t.,. The inset shows the Ryy," curve for the sample
with ., = 0.6 nm obtained as the magnetic field increased along the hard-axis (in-plane) direction (H))). Ry
decreased with yi,H,, showing that the magnetization of the sample tilts from being perpendicular to the plane to
the in-plane direction. Based on the Ry,"-1,H| curve, the normalized magnetization along the hard axis (Mj,.4")
is obtained using the following relationship: My,.4" = sin[arccos(Ry,")](refs 28-30). The results at 10K for the
three samples are shown in Fig. 3b. The saturation field of My,.," decreases with increasing f,, in agreement with
the coercivity variation with respect to .. The data shown in Fig. 3¢ of M;,.4" for Zn-polar samples at 10K pre-
sents the same trend for the saturation field. Here, My,4" is the same as Ry," because the perpendicular direction
is the hard axis for the Zn-polar samples.

The magnetic anisotropy energy per unit area E t.,, where E | is the effective perpendicular anisotropy energy
density, is determined from the hard axis magnetization curves using the following equation (see for example ref. 28):

m. !

Eteg =+ (s [ Hy)dMg

1teo =+ ( )//40 s Jo [[@S) hard (1)

The values of E | t, as a function of t, for the Zn- and O-polar samples at 10K are plotted in Fig. 3d, showing that

the E| t¢, is linearly proportional to t,. E ¢, of the present system can be expressed as follows (see for example
ref. 7).

E,to, = [_l jgM2 + Kc] o, + kZOICo | j ColPt

2 )
where M, and K_ are the saturation magnetization and the uniaxial crystalline anisotropy energy constant, respec-
tively. kZ20/C° and k,“°'** are the surface magnetic anisotropies attributed to the ZnO/Co and Co/Pt interfaces,
respectively; their sum can be obtained from the intercept of the linear fitting in Fig. 3d. The slope of the linear
fitting gives the sum of the demagnetization energy [(—1/2)10M*] and K.. Based on these results, k/“"%/° 4
kCoP'=1.1m]/m?and (—1/2)ueM + K. = —1.2 MJ/m? are obtained in the O-polar sample. The surface and crys-
talline anisotropies are approximately two or more times larger than the previously reported values determined
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Figure 4. XRD profiles and AFM images. (a) XRD profiles for Zn- and O-polar samples with fc, = 3.6 and

0.6 nm (red and blue lines, respectively). The vertical axis is in log scale. The dotted and dashed lines indicate the
expected positions of the diffraction peaks from the fcc(111) planes for Pt and Co, respectively. (b) AFM images
of Zn- and O-polar samples with ¢, =3.6 and 0.4 nm. The scanned area was 1 X 1 um?

in a Co/Pt system at room temperature®*2. However, the signs of the energy sums in the Zn-polar sample are
opposite (—1.2mJ/m? and 0.48 MJ/m?, respectively). This result indicates that if k,°*'"* is positive (as in the gen-
eral case), then kg, ;“"%/“° will be negative in the Zn-polar sample. In addition, K, (Zn-polar) > (1/2)peM;> > K,
(O-polar).

Importantly, the Co thin films deposited on the same material (ZnO) but with different polarization show
completely different magnetic properties. To understand this phenomenon, the structural properties were inves-
tigated. Figure 4a shows the XRD profiles for Zn- and O-polar samples with ¢, = 3.6 and 0.6 nm obtained by the
0-26 method using Cu-Ka, radiation (wavelength: 0.15406 nm). The vertical dashed and dotted lines indicate
the expected positions of the diffraction peak for the (111) plane of fcc Pt and Co crystals, respectively. Notably,
the peak expected from Co with hcp (0002) structure resides at almost the same position as that of fcc(111). The
Zn-polar sample with thicker ¢, (=3.6 nm) has clear peaks from the Pt and Co layers close to the expected posi-
tions. In addition, the thickness fringe is observed at the lower 26 range (<10°), suggesting that sharp interfaces
are formed. In contrast, no thickness fringe and no clear peaks other than the peak from the ZnO substrate are
observed in the O-polar sample with ¢, = 3.6 nm. In samples with smaller ¢, values (=0.6 nm), the clear peak
expected from Pt(111) and the thickness fringe are observed in both types of samples. A peak near the position
expected from Co(111) is observed only in the Zn-polar sample, suggesting that the intermixing between Co and
Pt is minor in this sample.

The AFM images for both samples are shown in Fig. 4b. In the Zn-polar sample with thicker ¢, (=3.6nm), a
flat surface with an average roughness height (R,) of 0.10 nm is observed. The O-polar sample shows a rough sur-
face with R, =0.20 nm, in agreement with the XRD result. The R, obtained in samples with thinner ¢, (=0.4 nm)
is lower than one-monolayer (ML)-thick Co, showing that the sample surfaces are atomically flat. In the Zn-polar
sample, an atomic step and terrace remain, even after the deposition of the Co/Pt layers.

The STEM images of the Zn- and O- polar samples with t-,= 3.6 and 0.6 nm are summarized in Fig. 5.
Samples with thicker t., (=3.6n1m) are discussed first (Fig. 5a and b). The Co and Pt layers on the Zn-polar sur-
face have abrupt interfaces and much higher crystallinity than those on the O-polar sample, as expected from the
XRD profiles. Figure 6a shows the magnified STEM image for the Zn-polar sample. The averaged results of the
two-dimensional fast Fourier transformation (2D FFT) for the square areas indicated by the coloured squares in
Fig. 6a are shown in Fig. 6b-d. Judging from the experimental (Fig. 6b-d) and simulated 2D FFT (Fig. 6e and f),
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Figure 5. High-angle annular dark-field (HAADF) STEM images of the ZnO/Co interfaces. (a,b) The
HAADF STEM images of Zn- and O-polar samples with ¢, = 3.6 and (¢,d) 0.4 nm. The incident directions of
the electron beam with respect to the ZnO substrate are [1120] for (a) and [1100] for (b-d). The inset in a shows
the magnified image of the area surrounded by the dotted line.

the Pt layer (blue square) and the Co layer near the Co/Pt interface (light-green square) have a fcc(111) structure.
Alternatively, a hcp(0001) texture appears to be dominant in the Co layer near the ZnO/Co interface (pink square)
excluding the first ML just above the Zn-polar surface (we call the corresponding atomic layer “interface Co”).
The interface Co atoms shows no dislocations in the observed length scale (over ~16 nm). Moreover, the number
of atoms in the interface Co is exactly the same as that of the surface Zn atoms, indicating that the lateral atomic
distances (LADs) of the Co and Zn atoms are almost equal (~0.32 nm). Therefore, in the Zn-polar sample, the
LAD of the interface Co is approximately 30% larger than the bulk value. As shown in Fig. 7b, the in-plane LAD
of each atomic layer was calculated by performing the FFT for each lateral pixel of the corresponding STEM
image (Fig. 7a). The result evidences the fact that the LADs of the interface Co and Zn atoms are the same. From
Fig. 7b and c(averaged intensity of the lateral pixels of STEM image in Fig. 7a), the lattice relaxation in the Co
layer occurs in the first 2-3 MLs. The reasons that we can decide the ZnO/Co interface from the STEM image
are the follows: (i) A clear dark region (gap) is observed just below the corresponding atomic layer in the STEM
image (Fig. 7¢). (ii) The atomic images below the “interface Co” has an ellipse-like shape, suggesting the existence
of tilted Zn-O bonding, whereas the those of the “interface Co” atoms shows a spherical shape. Figure. 7d and e
depict the schematic image of the position of the Co atoms on the Zn-polar surface expected based on the STEM
image. The Co atom prefers the H; site over the T, or on-top of the Zn atoms. This observation is partially con-
sistent with the result of an ab initio calculation®, in which the Co atom adsorbed on a Zn-polar surface avoids
the on-top position.

The Co layer on the O-polar surface (Fig. 5b) shows an amorphous or poly-crystalline texture with rough
interfaces with both the ZnO surface and the Pt layer. In both samples with thinner ¢, (=0.6 nm) (Fig. 5c and d),
a clear fcc(111) texture is observed in the Pt layer. The darker region on the ZnO surface likely indicates Co atoms.
The Pt/Co interface is not sharp, even in the Zn-polar sample, probably because the Co on the surface exhibited a
non-perfect fcc structure at this thickness, as mentioned above.

The ZnO/Co interface in the O-polar samples (Fig. 5b and d) does not appear to be sharper than that in the
Zn-polar samples (Fig. 5a and c). This phenomenon may be attributed to the mutual diffusion of Co and ZnO. To
determine the atom distribution, STEM-EDS was performed. Figure 8a and b show the results of the STEM-EDS
mapping of each element in the Zn- and O-polar samples with ., = 3.6 nm, respectively. The graphs on the right
show the averaged line profiles along the deposition direction for each detected element in atomic %. In addition,
a sharp ZnO/Co interface is observed in the Zn-polar sample. In the O-polar sample, clear intermixing between
Co and O atoms occurs, particularly in the vicinity of the ZnO/Co interface. One possibility is that the mutual
diffusion of Co and O facilitates the formation of Co-O bonds® or decreases the surface-formation energy of the
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Figure 6. HAADF-STEM images of the Co and Pt layers deposited on the Zn-polar surface. (a) The
HAADEF-STEM image for a sample with f, = 3.6 nm. The incident direction of the electron beam with respect
to the ZnO substrate is [1120]. The images of the 2D FFT for (b) the Pt layer, and (c,d) the Co layer. The square
areas in the STEM image indicated by the blue (Pt), light-green (Co near the Co/Pt interface), and pink (Co
near the ZnO/Co interface excluding the interface Co one ML) solid lines were used to perform the 2D FFT.
Each 2D FFT image was averaged by the results obtained for the square areas arranged side by side, as shown in
the STEM image. The simulation results of the 2D FFT for the artificially drawn (e) fcc(111) and (f) hcp(0001)
structures.

absorbed Co on the O-terminated surface®. The much weaker tolerance of the O-polar surface for chemical etch-
ing® may be related to this phenomenon. Notably, the thermal stability of the Pd/Zn polar interface was exper-
imentally confirmed using the polar interfaces of ZnO precipitates distributed in a single-crystal Pd matrix®”.
Nevertheless, further studies, including investigations of the nontrivial effects attributed to the polarity of the
ZnO surface, such as polar discontinuity'®, may be required to clarify the structural difference.

Finally, we comprehensively discuss the differences in the observed magnetic properties. The interface mag-
netic anisotropy is expected to decrease when the interface is not sharp. The present O-polar sample shows a
rough Co/Pt interface but relatively strong PMA, suggesting that the existence of the Co-O bonding exerts an
influence®. However, the Zn-polar sample shows a very sharp Zn/Co interface and clear in-plane interface ani-
sotropy, indicating that the Zn/Co interface plays an important role in the magnetic anisotropy in this system.
The negative k,¢“"%’“° may be explained by the different electronic structure of the ML-Co on the Zn-polar
surface’* and the anomalously larger atomic distance observed at the first ML-Co compared with the bulk (and/or
its relaxation in the above layer). The T, variation may be related to the difference in the degrees of intermixing
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Figure 7. Determination of the atomic distance of the Co deposited on the Zn-polar surface. (a) The
magnified HAADF-STEM image around the ZnO/Co interface for Zn-polar sample with tc,= 3.6 nm. (b) The
FFT intensity map for the corresponding lateral pixels in the STEM image. The colour indicates the intensity
(red: high, blue: low). The peak position corresponds to the LAD. The interfacial ML of Co shows exactly the
same LAD as the surface Zn of the ZnO substrate. (c) The averaged intensity of the lateral pixels of the STEM
image. The intensity just below the interface Co atoms is the weakest in the image. The (d) side view and (e) top
view of the schematic image depicting the expected positions of the Co atoms on the Zn-polar surface.

between Co and Pt*’ and between Co and O. The anisotropy difference may also affect the value of T in the
present two-dimensional FM film*'. The electrical charge-accumulation effect induced by the built-in electric
field may also explain the observed differences. The electron density of Co is expected to increase (decrease) at
the Zn-(O-)polar surface (Fig. 1b) because of the polarization effect?*2. Thus, from the perspective of charge
accumulation, we note that the directions of the changes in magnetic anisotropy and T are consistent with our
previous results obtained in the Pt/Co system under an applied external electric field®>>280,

In summary, we found that the polarity of the surface of a NM polar oxide strongly affects the magnetic prop-
erties of a metallic thin film deposited on it. Merely depositing FM Co on either the front or back side (the Zn- or
O-polar surface) of a ZnO substrate by sputtering under identical growth conditions completely changed the
magnetic properties (the magnetic anisotropy and Curie temperature) of the Co film. The differences in crystal-
linity and/or electronic structure in the MLs of Co on the polar surfaces are expected to be relevant to the mag-
netic properties of the system. In particular, the Co on the Zn-polar surface shows high crystallinity and sharp
interfaces. The structure considered here is expected to emerge as an ideal test platform for advanced spintronics
research studies, e.g., the development of novel magnetic structures in which the Dzyaloshinskii-Moriya inter-
action is significant because of the lack of structural inversion symmetry'>!*!> or the Rashba spin-orbit-related
phenomena!"!? originating from the built-in electric field at the Co atomic layer. Moreover, the results observed
here constitute valuable information because the interface of a FM thin metal with an oxide has played and will
probably continue to play a central role in the development of spintronic devices.

Methods

Sample preparation. The base pressure of the sputtering chamber used here (ES-280, EIKO Engineering
Co. Ltd.) is the order of 1077 Pa. RF-sputtering with Ar gas (0.7 Pa) was performed to deposit the Co and Pt cap
layers on the ZnO substrates (Tokyo Denpa Co., Ltd.). The RF powers for the Co and Pt depositions were 60 W
and 40 W, respectively. One ZnO substrate (1.5 x 1.5 cm?) was cut into two pieces. The metal layers were simul-
taneously deposited onto the front side of one piece and the back side of another (Zn- and O-polar samples) to
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ensure that the deposition conditions of each sample were the same. The nominal thickness was determined from
the deposition rate of each layer.

Hall effect measurement. The Hall measurement was performed using a Physical Property Measurement
System (Quantum Design, inc.). To measure Ry, a 30-um-wide Hall bar structure was fabricated via photoli-
thography and Ar-ion milling. In the Ry, curves shown in Fig. 3a, an odd-function component was extracted
from the raw data, and then, the ordinary Hall resistance was removed from the extracted component.
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