TITLE:

Influence of deposition rate on
magnetic properties of inverse-
spinel NiCo204epitaxial thin films
grown by pulsed laser deposition

AUTHOR(S):

Kan, Daisuke; Suzuki, Ikumi; Shimakawa, Yuichi

CITATION:

Kan, Daisuke ...[et al]. Influence of deposition rate on magnetic properties of inverse-
spinel NiCo204epitaxial thin films grown by pulsed laser deposition. Japanese Journal of
Applied Physics 2020, 59(11): 110905.

ISSUE DATE:
2020-11-01

URL:
http://hdl.handle.net/2433/259299

RIGHT:

This is the Accepted Manuscript version of an article accepted for publication in Japanese Journal of Applied Physics.
IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived
from it. The Version of Record is available online at https://doi.org/10.35848/1347-4065/abc2b2.; The full-text file will be
made open to the public on 29 October 2021 in accordance with publisher's 'Terms and Conditions for Self-Archiving'.;
COWmXIFLRRHARTH O £ A, 5IHDRICIFHMMRE CHEERIHIAB <72 WL, ; Thisis not the published
version. Please cite only the published version.

KURENAI #1

Kyoto University Research Information Repository



A Self-archived copy in REALEHRRY KT R

ALK & Kyoto University Research Information Repository KURENAI I{[

¥/ KYOTO UNIVERSITY https://repository.kulib.kyoto-u.acjp Kyots Unversi Reseach fomaton Rpostony

Influence of deposition rate on magnetic properties of inverse-spinel NiCo0,04 epitaxial thin

films grown by pulsed laser deposition

Daisuke Kan'*, Ikumi Suzuki', and Yuichi Shimakawa!

nstitute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan

electronic mail: ¥dkan@scl.kyoto-u.ac.jp

We investigated the influence of the deposition rate on structural and magnetic properties of
inverse-spinel ferrimagnet NiCo,O4 epitaxial films grown by pulsed laser deposition. While films’
lattice constants are insensitive to the deposition rate, saturation magnetization and perpendicular
magnetic anisotropy for the film grown with a high deposition rate are reduced. These results imply
that growing NiCo0,04 films with a high deposition rate leads to occupations of the tetrahedral site by
Ni, although Ni ideally occupies only the octahedral site. Controlling the deposition rate and

modulating the cation distribution is key for tuning the magnetic properties in NiCo,04 films.
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A variety of magnetic and transport properties for ternary spinel oxides AB>O4 depend on
cation occupation and distribution in crystallographically distinct tetrahedral (Tq) and octahedral
(On) sites'”. The inverse spinel NiC0,04 (NCO)®!? in which the Co ideally occupies in both Tqand
On sites and Ni occupies only the Oy, site is a half-metallic ferrimagnet with a transition temperature
above 400 K, attracting attention as a spintronic material®'3-?!. It has been shown that when NCO
films are epitaxially grown by pulsed laser deposition, depositing NCO under relatively high oxygen
pressures like 100mTorr is a key for fabricating films having properties comparable to bulk?’?>23 for
example, a large saturation magnetization of ~2up/f.u. and a high transition temperature above 400
K. Resonant x-ray diffraction measurements have recently shown that cation occupation in such
high-quality NCO films still deviates from the stoichiometric occupation: about 15% Co in the
Te-site is replaced by Ni while Co and Ni almost equally occupy the Oy site??. It should also be
pointed out that Tg-site cations play key roles in magnetizations and perpendicular magnetic
anisotropy of NCO epitaxial films?*>*23. An important implication is that tuning growth conditions
of NCO films and modifying the Tg-site cation occupation would control films’ magnetic properties.

Given that the deposition rate (or growth rate) is closely associated with non-equilibrium
film growth by physical vapor deposition techniques such as pulsed laser deposition, changing the
deposition rate is expected to modify cation occupation and arrangement in grown films. In this
study, we controlled the deposition rate during film growth by pulsed laser deposition and
investigated structural, magnetic, and transport properties of NCO epitaxial films grown with distinct
deposition rates.

Epitaxial films of NCO 30 nm thick were grown on (100) MgAl,O4 (MAO) substrates by
pulsed laser deposition. During the film deposition, the substrate temperature and oxygen pressure
were kept at 315°C and 100mTorr, respectively. A NiCo,Ox ceramic target was ablated at 6 Hz with

a KrF excimer laser with a laser power of 130mJ. The deposition rate was controlled by changing the
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width of a slit installed in front of a focusing lens equipped with a PLD chamber. Here we focus on
two NCO films grown with high and low deposition rates in our setup (0.01lnm/pulse and
0.0038nm/pulse, respectively) and discuss how the deposition rate affects structural, magnetic, and
transport properties of NCO films. Hereafter these two films are referred to as the high-rate film and
the low-rate film. We have previously shown that NCO films grown under the same conditions as
those used for growing the low-rate film have a large room-temperature magnetization (~1 pg/f.u)
and sufficient perpendicular magnetic anisotropy (~0.2 MJ/m? in the magnetic anisotropy energy at

room temperature)'322,
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Figure 1: (a) X-ray 260/0 diffraction profiles for the high-rate film and the low-rate film.
(b and ¢) Reciprocal space mappings around the (408) MgAlO4 reflection for the

high-rate film and the low-rate film.
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Figure la shows x-ray 20/ diffraction patterns around the (004) MAO reflection for the
high-rate film and the low-rate film. Regardless of the deposition rate, these two films exhibit the
(004) NCO reflections associated with clear thickness fringes, and there are no peaks from
secondary phases observed. The out-of-plane lattice parameters of these two films are about the
same, 8.19 A for the high-rate film and 8.20 A for the low-rate film. The reciprocal space mapping
measurements around the (408) MAO reflection (Fig. 1b) show that the (408) reflections of both
high-rate and low-rate films appear in the same position along the horizontal axis (the in-plane
direction) as those for the substrates. This confirms that the NCO layers are coherently grown on the

substrate and are under the substrate-induced compressive strain (~0.4%), regardless of the
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Figure 2: Room-temperature magnetic field dependence of the (a) out-of-plane and (b)
in-plane magnetization for the high-rate film (red) and the low-rate film (blue). In (b), the

magnetization is normalized by the magnetization value at 5 Tesla.

deposition rate.
In contrast to the insensitivity of the films’ lattice constants to the deposition rate, the films’
magnetic properties are found to depend on the deposition rate. Figure 2a shows the

room-temperature magnetic field dependence of the out-of-plane magnetizations. For both films, the
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out-of-plane magnetization exhibits square-shaped hysteresis loops against the field sweep directions,
and the residual magnetizations are also comparable to the saturated one. The saturation
magnetization (M;) for the high-rate film, 0.92 pg/f.u. is slightly lower than that for the low-rate film,
1.05up/f.u. The coercive fields Hc differ largely between these two films, and the H for the high-rate
film is 5 mTesla, one-fifth of that for the low-rate film, 25 mTesla. These observations indicate that
both films have out-of-plane magnetization, but the magnetic anisotropy varies depending on the
deposition rate.

The influence of the deposition rate on the films’ magnetic anisotropy is also inferred from
the room-temperature magnetic field dependence of the in-plane magnetization shown in Figure 2b.
The in-plane magnetization gradually increases with increasing the field strength and saturates in the
large field region. A small hysteresis seen in the low magnetic field regions is probably due to
misalignments of the films having relatively small Hc, although the origin of the hysteresis behavior
has not been identified. We define the anisotropy field Hk as the minimum magnetic field necessary
to saturate the in-plane magnetization. The Hy for the high-rate film and the low-rate film are 1.8
Tesla and 2.7 Tesla, respectively. The magnetic anisotropy energy (MAE) calculated by taking MAE
= M;-Hy/2 is 0.11 MJ/m? for the high-rate film and 0.20 MJ/m? for the low-rate film, confirming that
the high-rate film has a lower MAE than the low-rate film.

Figure 3 shows the temperature dependence of the M, the Hc, the Hy, and the electrical
resistivity pxx for the high-rate film and the low-rate film. The pxx was measured by a van der Pauw
method. The temperature dependence of the M for the high-rate film and the low-rate film follow
the same trend, and the M; for the high-rate film is slightly lower than that of the low-rate film in the
entire temperature range. These observations indicate that the high-rate film has a slightly lower
transition temperature than the low-rate film. In addition, as shown in Figures 3b and 3c, both H¢ and

Hi for the high-rate film are lower than those for the low-rate film in the entire temperature range,
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confirming the lowering of the MAE for the high-rate film.
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Figure 3: Temperature dependence of the (a) the out-of-plane saturation magnetization Ms, (b)
coercive field He, (c) anisotropy field Hk, and (d) electrical resistivity pxx for the high-rate film
(red) and the low-rate film (blue). The magnetizations in (a) were extracted from the magnetic
field dependence of the out-of-plane magnetization measured at temperatures between 5 K and
400 K. In the inset of (d), spin configurations of NiCo,04 are presented. The configurations are
drawn by assuming that the valence states of the Tq-site Co, the Op-site Co and the Oy-site Ni are
+2, +3 and +(2+5), respectively. The short arrow for Ni?*" represents partial (8) occupation of
the orbital. For Tg¢-site Co, the upper three states consist of dxy dxz, and dy, orbitals. For the Op-site

cations, the lower three states consist of dxy dx,, and dy, orbitals.

We now consider the origin of the deposition-rate-dependent changes in the magnetic
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properties of NCO films. The concentration of oxygen vacancies (or oxygen defects) might differ
between the high-rate film and the low-rate film. It has been shown that introducing oxygen
vacancies into NiC0204 leads to a slight reduction in the saturation magnetization, but its influence
on the Hy is negligibly small®. Thus oxygen vacancies (or the oxygen concentrations) are not a
prime cause for the deposition-rate-dependence of the magnetic properties of NCO films. We also
note that lowering the Ni occupation (or increasing the Co occupation) in the Oy-site of NCO films
causes reductions in the saturation magnetization and the transition temperature??. For such films
with the low Ni occupation in the On-site (referred to as the low-Ni film), the H. is much larger than
those for the high-rate film and the low-rate film investigated in this study, and the Hy increases with
decreasing temperature and reaches ~5 Tesla at 100 K (see Supplementary Information Figure S1).
These behaviors in He and Hi for the low-Ni films totally differ from the deposition-rate-induced
changes in magnetic properties of NCO films. Therefore, depositing NCO with the high growth rate
probably does not result in the lowering of the Ni occupation in the Op-site of the films. It should be
pointed out that the perpendicular magnetic anisotropy in NCO films is predominantly determined
by the out-of-plane orbital magnetic moment originating from the Tg-site Co’>*?’. The observed

reduction in the MAE for the high-rate film implies that the magnitude of the orbital magnetic

moment from the Tgy-site cations is reduced when NCO films are deposited with the high growth rate.

Previous x-ray absorption spectroscopy indicated that in the NCO films grown under 100mTorr
oxygen pressure (corresponding to the low-rate film in this study), the Co in the Tg- and Oy-site have
a valence state close to +3 and +2 while the valence state of the Ox-site Ni is close to +2.5%. Given
the nominal number of d electrons in Co** (d’), Co** (d®), and Ni*>** (d’) and spin configurations of
these cations (the inset of Figure 3d), replacing the Tq-site Co by Ni probably reduces not only the
magnetization but also the magnitude of the orbital moment from the Tgy-site sublattice. It is thus

reasonable to consider that depositing NCO with the high rate leads to Ni occupation in the Ty site,
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modulating the cation distribution in NCO films and influencing the films’ magnetic properties. In
addition, the modification in the T¢-site cation occupation should concomitantly change the On-site
cation occupation, causing a slight increase in the Co occupation (decrease in the Ni occupation) of
the Oy site. Because the density of states at the Fermi level in NCO consists of spin-down e,
electrons of the Oy-site Ni®!?7, the deposition-rate-induced decrease in the Op-site Ni occupation
should reduce electrical conductions. Figure 3d shows the temperature dependence of the pxx for the
high-rate film and the low-rate film. While both films exhibit metallic transport behavior, the p.« for
the high-rate film is slightly higher than that for the low-rate film, which is in agreement with our
scenario that depositing NCO at the high rate leads to Ni occupations of the Tg site.

In summary, we investigate how the deposition rate influences structural, magnetic, and
transport properties of the inverse spinel NiCo,0O4 epitaxial thin films. We found that the lattice
constants of the films are almost independent of the deposition rate. In contrast, both total
magnetization and the perpendicular magnetic anisotropy are reduced for the film grown with the
high deposition rate. These behaviors can be understood by taking into consideration that growing
NiCo0204 films at the high deposition rate leads to Ni occupation into the Tq site although Ni ideally
occupies only the Oy, site. These results indicate that controlling the deposition rate and modulating

the cation distribution is a key for tuning the magnetic properties of NiC0204 films.

This work was partially supported by a grant for the Integrated Research Consortium on
Chemical Sciences, by Grants-in-Aid for Scientific Research (Grant Nos. JP16H02266, JP17H04813,
JP19HO05816, and JP19H05823), by a JSPS Core-to-Core program (A), by a grant for the Joint
Project of Chemical Synthesis Core Research Institutions from the Ministry of Education, Culture,
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