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Microstructural Underpinnings of Giant Intrinsic Exchange

Bias in Epitaxial NiCo,0, Thin Films

Detian Yang, Arjun Subedi, Chao Liu, Haile Ambaye, Valeria Lauter, Peter A. Dowben,

Yaohua Liu,* and Xiaoshan Xu*

Understanding intrinsic exchange bias in nominally single-component
ferromagnetic or ferrimagnetic materials is crucial for simplifying related
device architectures. However, the mechanisms behind this phenomenon and
its tunability remain elusive, which hinders the efforts to achieve unidirectional
magnetization for widespread applications. Inspired by the high tunability

of ferrimagnetic inverse spinel NiCo,O,, the origin of intrinsic exchange bias
in NiCo,0, (111) films deposited on Al,O; (0001) substrates are investigated.
The comprehensive characterizations, including electron diffraction,

X-ray reflectometry and spectroscopy, and polarized neutron reflectometry,
reveal that intrinsic exchange bias in NiCo,0O, (111)/Al,O; (0001)

arises from a reconstructed antiferromagnetic rock-salt Ni,Co, ,O layer at

the interface between the film and the substrate due to a significant structural
mismatch. Remarkably, by engineering the interfacial structure under

optimal growth conditions, it can achieve exchange bias larger than coercivity,
leading to unidirectional magnetization. Such giant intrinsic exchange

bias can be utilized for realistic device applications. This work establishes

a new material platform based on NiCo,0,, an emergent spintronics
material, to study tunable interfacial magnetic and spintronic properties.

1. Introduction

Exchange bias!"?) refers to the shift of
the coercive field of a ferromagnet or fer-
rimagnet (FM), which is caused by the
exchange interaction at the interface be-
tween the FM and an antiferromagnet
(AFM). This phenomenon is crucial for
stabilizing unidirectional magnetization
in FM, which has significant applications
in magnetic sensors, magnetic recording,
and other spintronic devices.>! Inter-
estingly, exchange bias can also occur in
systems without a nominal AFM compo-
nent, a phenomenon known as intrinsic
exchange bias,!®®] which holds promises
for simplified device designs.

Intrinsic exchange bias often arises
from a “hidden” AFM component
formed at the interface between an FM
and a non-magnetic material. Achiev-
ing optimal intrinsic exchange bias for
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device applications requires fine-tuning

this “hidden” layer. While intrinsic
exchange Dbias has been observed in various in-
terfaces such as  LaNiO;/LaMnO,  superlattices,’!
La, ;St,;Mn0O,/LaSrAlO, " SrRuO,/LaAlO,,!'!]  Fe/MgOI*?]
and La St 33MnO; 5/SrTiO;, 13 comprehensive studies on its
tunability remain scarce. Notably, there have been no reports
of achieving unidirectional magnetization through intrinsic
exchange bias.

Here we focus on intrinsic exchange bias based on an emer-
gent spintronic material NiCo,0, (NCO). NCO is an inverse
spinel material with high conductivity (%1 mQ cm) and ferrimag-
netic order below T, = 420 K. NCO exhibits large magnetic
anisotropy (~0.7 MJ m~3),['5] strong magnetization (x2 py fu.™!),
and high spin polarization. These properties make it promising
for spintronic devices, including tunneling magnetoresistance-
based spin valves.!'®] Our hypothesis is that for NCO (111)/AlL,0,
(0001) epitaxial films, the mismatch between the inverse spinel
structure of NCO and the corundum structure of Al,O, promotes
interfacial reconstruction, potentially forming an AFM layer that
can lead to intrinsic exchange bias. Similar behavior has been ob-
served in CoFe,0, (111)/Al,0, (0001) thin films.[®] Importantly,
epitaxial NCO thin films are highly tunable through growth con-
ditions due to their metastability,'’-?’] allowing us to optimize
the intrinsic exchange bias.

In this work, we demonstrate a giant intrinsic exchange bias
in NCO/AL 0, (0001) thin films, which surpass the coercive field
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Figure 1. XRD, RHEED, and magnetometry characterization of NCO films grown in 5 mTorr O,. a) 6—26 scan of a 15 nm film. b) RHEED patterns of

Al,O3 and NCO along two perpendicular in-plane directions NCO (—110) and (—

1—-12) of the sample in (a). ¢) Intrinsic exchange bias in a 10 nm film

measured at 20 K after cooling in +70 kOe fields: d) Temperature dependence of exchange bias Hg and coercivity Hc of the film in (c).

and stabilize unidirectional magnetization. To understand the
underpinning mechanisms, were conducted thorough character-
izations, including electron diffraction, x-ray reflectometry and
spectroscopy, and polarized neutron reflectometry. We show that
the intrinsic exchange bias originates from a reconstructed rock-
salt Ni,Co, O layer at the interface, which exhibits minimal mag-
netization, a hallmark of robust AFM-supporting exchange bias.
Additionally, we found that the thickness of the interfacial layer
and its interfacial exchange coupling are sensitive to the sample
preparation conditions, allowing for significant tunability of the
intrinsic exchange bias.

2. Large Exchange Bias and Unidirectional
Magnetization

Figure 1a shows the specular 6—26 scan of a 15 nm NCO film
grown on Al,O; (0001) substrates. Besides the NCO (111) peaks,
additional peaks labeled as Ni Co, O also appear and match
well with a rock-salt structure similar to that of CoO and NiO,
which indicates the film’s complex structural composition and
will be discussed later. The diffraction pattern supports the epi-
taxial growth of the NCO (111) layer. Furthermore, the RHEED
pattern in Figure 1b shows the in-plane epitaxial relationship of
NCO (-110) || AL,O; (11 -2 0) and confirms the face-centered-
cubic structurel?®! for which the diffraction peaks are only ob-
served for all-odd and all-even indices.

Figure 1c displays hysteresis loops of NCO measured at 20 Kin
an in-plane magnetic field after cooling in + 70 kOe fields, respec-
tively. The coercive field H is calculated as half of the separation
between the intercepts of the hysteresis loop with the horizontal
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axis, resulting in a value of 1.4 kOe, which is in agreement with
previous work.[?] The exchange bias Hy was calculated as half
of the horizontal shift between the two hysteresis loops. Notably,
H; exceeds H in Figure 1c, resulting in unidirectional magneti-
zation, a desirable attribute for device applications. Moreover, as
shown in Figure 1d, H, is consistently above H . except at the low-
est temperature (5 K), and at temperatures close to 300 K where
H; vanishes.

3. Comprehensive Characterizations of the
Interfacial Layer

The observation of exchange bias in the NCO (111)/Al1,0, (0001)
films suggests the existence of an interfacial AFM layer, similar to
that observed in CoFe,0, (111)/Al,04 (0001).[° Below, we show
comprehensive characterizations of this interfacial layer, focus-
ing on its structure, magnetism, and stoichiometry.

3.1. Interfacial “Dead” Layer of Zero Magnetization

An interfacial magnetic “dead” layer in NCO can be inferred
from the thickness dependence of the total magnetic moment.
As shown in Figure 2a, the total moment of NCO films of the
same area follows a linear relationship with the film thickness
t. Interestingly, the extrapolation of the relationship has a finite
intercept (3 + 1 nm) with the horizontal axis, indicating an inter-
facial layer ¢, = 3 + 1 nm with negligible magnetization.

The “hidden” zero-magnetization interfacial layer also aligns
with the thickness dependence of Hy in Figure 2b. Since ex-
change bias H is determined by the competition between the
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Figure 2. Evidence of an interfacial layer in films grown in 5 mTorr O,. a) Thickness dependence of saturation moments Mg and the best fit. b) Thickness
dependence of exchange bias Hg measured at 50 K with +40 kOe cooling field and the best fit. tr, =t — ¢, is the FM layer thickness, where t and ¢, are
the thickness of the film and the interfacial layer, respectively. c) Typical thickness-resolved RHEED patterns along the in-plane direction [-1 1 0] of NCO;
the dashed line marks the boundary of interfacial layers defined in (d). d) Thickness dependence of relative in-plane lattice constant (circles) and (2 2

—4) RHEED line intensity (thick curve) extracted from (c).

AFM/FM interfacial exchange energy and the magnetostatic po-
tential energy of the FM layer, it is expected to decrease with in-
creasing FM layer thickness. As shown in Figure 2b, the thick-
ness dependence can be fit using a power law H; to%, where

FI
tey = t — t; is the thickness of the FM layer. We found t =
3 + 1 nm from the best fit, consistent with the finding in
Figure 2a.

3.2. Rock Salt Crystal Structure

To reveal the crystal structure of the interfacial layer, we recorded
thickness-resolved RHEED patterns in situ along the NCO [-1
1 0] in-plane direction. For each thickness, the intensity of the
RHEED image is integrated along the streak direction [verti-
cal direction in Figure 1b]. A thickness-resolved RHEED pat-
tern is then obtained by combing the results of varying film
thicknesses, as shown in Figure 2c for a film grown in 5 mTorr
O,. This analysis highlighted an interfacial layer, where the
diffraction lines (2 2 —4) and (-2 -2 4) are much weaker,
and the spacing between the (4 4 —8) and (—4 —4 8) lines is
smaller.

To analyze the interfacial layer quantitatively, we extracted
from Figure 2c the relative in-plane lattice constant from the spac-
ing between the (4 4 —8) and (—4 —4 8) lines, compared to the
value at the thick limit. We also evaluated the intensity of the +
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(2 2 —4) lines relative to that of the (4 4 —8) lines as a function
of the film thickness. These results are presented in Figure 2d,
which revealed three distinctive sublayers of the interfacial layer:
one main sublayer, M1, with a larger lattice constant; a transition
layer, T1, between the substrate and M1; and a second transition
layer, T, between M,; and the “bulk” spinel NCO layer M,. To
characterize the crystal structure of the interfacial layer, we define
1) the interfacial layer thickness #; as the sum of the thickness of
T, M, and half T,. In Figure 2d, we found ¢, = 3 + 1 nm, where
the error bar is half of the T, thickness; and 2) Aag,;, as the in-
plane lattice constant difference between the interfacial M, layer
and the “bulk” M, layer.

Similar to that in CoFe,O, (111)/Al,0; (0001) studied
previously,[®) the in-plane crystal structure of the interfacial layer
in NCO (111)/Al, 05 (0001) is consistent with that of rock salt
CoO and NiO. Rock salt’s lattice constant is about half that of
spinel, explaining the diminishing + (2 2 —4) lines. The lattice
constants of CoO and NiO are slightly larger than half of the
lattice constant of spinel NCO, which is in line with the posi-
tive Aa;p. Recall that the #—20 XRD in Figure la shows weak
Ni, Co,,O (111) peaks, the out-of-plane crystal structure of the
interfacial layer is also consistent with the rock salt structure.
Therefore, we conclude that the interfacial layer consists mainly
of rock salt Ni,Co,,O (111), resulting from the reconstruction
of the NCO structure to accommodate the lattice mismatch with
that of the Al,O, substrate.
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Figure 3. Angle-resolved x-ray photoelectron spectroscopy (ARXPS) of Co and Ni 2p3, core levels in a 2-nm and 10-nm NiCo, O, films grown in 5
mTorr O, at three emission angles of 0°, 30°, and 50°: a) Co, 2 nm; b) Ni, 2 nm; ¢) Co, 10 nm; d) Ni, 10 nm. Emission angles are the angles made by
photoelectrons relative to the film’s surface normal. The Co and Ni core level spectra were fitted by three peaks: Py, P,, and S (satellite). e) The Ni to Co
intensity ratio in the 2 nm and the 10 nm NiCo, Oy, thin films, after correction with photoemission cross-section. The lines are a guide to the eyes.

3.3. Electronic Structure and Stoichiometry of the Interfacial
Ni,Co,, O

To probe the electronic structure and stoichiometry of the interfa-
cial layer, we carried out angle-resolved x-ray photoelectron spec-
troscopy (ARXPS) on a 2 nm NCO film, since the electron in-
elastic mean free path is 2 +1 nm(3®3! and the interfacial layer
thickness ¢, =3 + 1 nm (see the structural and magnetic char-
acterizations above). A 10 nm NCO film was also studied as a
control sample.

Figure 3a-d shows the ARXPS spectra of Co and Ni 2p;, core
levels at three photoemission angles, 0°, 30°, and 50°, relative to
the films’ surface normal. The Co and Ni core levels spectra were
decomposed into three components: P, P,, and S (satellite). For
the 2 nm film, the intensities of P, and P, peaks change notably
as a function of photoemission angles. Specifically, the ratio of P,
to P, decreases as the angle increases. Since higher angle mea-
surements in ARXPS lead to greater surface sensitivity,****) the
observed trend suggests that P1 (P2) peaks correspond to the in-
terior (surface) components. In contrast, in the 10 nm film, P, /P,
shows no systematic change on varying angles [Figure 3c,d]. The
distinct angle dependencies between the 2-nm and the 10-nm
films suggest a strong variation of the film composition in the
interfacial layer of the NCO/AlL, O, films, which aligns with the
complex interfacial structure revealed by RHEED.

Figure 3e shows the two films’ stoichiometric ratio between Ni
and Co. Although the 2 nm film exhibits a more evident surface-
to-interior difference, it still consists of both Co and Ni, according
to the substantial Ni/Co ratio. Moreover, the surface (large angle)
contains less Ni compared with the interior (small angle), which
is corroborated in Section 3.4 by the polarized neutron reflectom-
etry studies below.

3.4. Well-Defined AFM Layer and Pinned Moments

To verify the AFM nature and the multi-layer feature of the inter-
facial layer, we performed x-ray reflectometry (XRR) and polar-

Adv. Electron. Mater. 2025, 11, 2400149 2400149 (4 of 8)

ized neutron reflectometry (PNR) studies. Figure 4a,b shows the
XRR data collected at room temperature and the PNR data col-
lected at 20 K, from a 10 nm NiCo, O, film grown in 5 mTorr O,.
PNR probes the depth profiles of the nuclear and magnetic scat-
tering length densities (NSLD and MSLD respectively), which
correspond to the chemical and in-plane magnetization vector
distributions, respectively.** To illustrate the magnetic contribu-
tion, the spin asymmetry ratio is calculated as SA = (Rt — R™)/(R*
+ R7), where R* and R~ are specular reflectivity with neutron
spin parallel (+) or antiparallel (-) to the applied field. In the case
of zero in-plane magnetization, SA = 0. Figure 4b shows the SA
at 20 K in a 40 kOe field after cooling in + 40 kOe field.

The XRR data and PNR data were co-fitted using the GenX
software package;[3>3¢ the extracted depth profiles are displayed
in Figure 4c—e. The minimal model (see Figure S1-S5 and Tables
S1 and S2, Supporting Information) to reproduce the experi-
mental results consists of five layers, Ni,Co, O (T,)/Ni Co, O
(M;)/NiCo,0, (T,)/NiCo,0, (M,)/NiCo,0, (S), as plotted in
Figure 4c. Except for the surface layer S, each layer aligns closely
with the stratified structure observed in the RHEED analysis, as
shown in Figure 2c.

Analyzing the scattering length density profiles for X-ray
(XSLD) and neutron nuclear scattering (NSLD) depicted in
Figure 2d reveals insightful contrasts. For X-ray scattering, the
scattering lengths of elements are proportional to their atomic
numbers, which means Niand Co dominate. Therefore, a smaller
X-ray SLD in the T, layer, compared with that in the M, layer, is
likely due to a substantial amount of Ni or Co vacancies. From
the M, layer and above, the XSLD stays approximately constant,
indicating a fixed total concentration of the metal atoms, because
Co and Ni have almost the same atomic number. For neutron
nuclear scattering, the coherent scattering lengths are 10.3 fm,
2.49 fm, and 5.8 fm for Ni, Co, and O, respectively. This high con-
trast translates to a better sensitivity to the chemical composition.
Indeed, NSLD exhibits more prominent variations across the M,
T,, and M, layers. Given Ni’s much larger scattering length, the
Ni concentration is likely higher in the M, layer than in the T,
layer. XPS measurements in Section 3.3, presumably probing the
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Figure 4. a) Scaled X-ray reflectivity Rq* at 300 K (circles) and the best fit (line) as a function of momentum transfer g of a 10 nm
NiCo,0, thin film grown in 5 mTorr O,. b) Spin asymmetry (circles) and the best fit (lines) extracted from polarized neutron reflectome-
try measured in 40 kOe field at 20 K after cooling down in 40 kOe field and —40 kOe field (shifted by —0.7 for clarity). c) Five-layer model
Ni,Coy,O(T;)/NiyCoq,,O(M;) /NCO(T,)/NCO(M,)/NCO(S). Depth profiles of X-ray scattering length density (XSLD) and nuclear neutron scattering
length density (NSLD) d) and nuclear neutron scattering length density (MSLD) e) derived from both the X-ray and neutron reflectometry. The fitted
roughness of the surface layer and transition layers are no larger than 30% of their thicknesses and the roughness of the main layers is no larger than
10% of their thicknesses. r, = 2.82 fm is the classical electron radius. The magnetization in (e) was calculated based on the NiCo,0, lattice constant

anco = 8.184A and the interfacial layer lattice constant a; = 4.192A from the XRD measurement and RHEED data.

top M, layer (interior) and the bottom T, layer (surface), corrob-
orate these findings by indicating a decreasing Ni concentration
in the 2 nm NCO film from the interior to the surface.

Figure 4e presents the depth profiles of magnetization at 40
kOe with + 40 kOe cooling fields. In both cases, the M, sublayer
has zero magnetization, affirming a well-defined AFM Ni, Co, ,O
layer. The T, sublayer has a small net moment, most likely
due to uncompensated spins and oxygen vacancies in the AFM
Ni, Co,O. Furthermore, the magnetizations of T; and T, layers
are smaller with the —40 kOe cooling field than with the 40 kOe
cooling field, suggesting that some spins in these layers were
pinned to the cooling field direction, validating the exchange bias
mechanism.

4. Tunable Interface Thickness and Exchange Bias
by Growth Oxygen Pressure

The interfacial reconstruction and exchange bias can be effec-
tively tuned by the oxygen pressure in the growth processes. A
series of NCO films, each 9 + 1 nm, were fabricated with oxygen
pressures varying from 1 mTorr to 200 mTorr. Thickness-resolved
RHEED patterns of the films were recorded; the interfacial layer
thickness extracted from these RHEED patterns is plotted relative
to oxygen pressure, together with exchange bias H; measured at
50 K with 40 kOe cooling field, as shown in Figure 5a. The in-
terfacial layer thickness monotonically increases as the oxygen

Adv. Electron. Mater. 2025, 11, 2400149 2400149 (5 of 8)

pressure P, decreases. The relationship can be described by ¢,
= t;, In(P,/Py,), where t,, = 0.56 nm and P, = 901 mTorr. This
trend can be attributed to lower P, favoring the rock salt struc-
ture due to its lower oxygen content than the spinel structure. In
contrast, the exchange bias demonstrates a non-monotonic fea-
ture, peaking at an oxygen pressure of 5 mTorr.

Figure 5b illustrates the structural models (0 < ¢t < 6 nm) for
three films grown with 1 mTorr, 5 mTorr, and 20 mTorr O,, de-
rived by co-fitting XRR measured at 300 K and PNR data mea-
sured at 20 K in a +40 kOe field after being cooled down in +
40 kOe fields. These models (see details in Figures S7, S8, Sup-
porting Information) visualize the spin arrangements of all lay-
ers at +40 kOe and 20 K after cooling the samples in a +40 kOe
field. Figure 5¢ shows the refined thicknesses of AFM component
Ni,Co,,O (T;+M,) and the transition layer T,; both decrease as
the oxygen pressure increases, consistent with the RHEED data
in Figure 5a (see also Figure S9, Supporting Information).

5. Discussion

The non-monotonic dependence of H; on oxygen pressure
shown in Figure 5a suggests competing factors underpinning the
exchange bias. The decreased Hy, for Py, > 5 mTorr can be linked
to the narrowing of the interfacial AFM layer. Higher P, reduces
the thickness of the interfacial layer [Figure 5a], and the exchange
bias is expected to drop rapidly once the thickness of the AFM
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Figure 5. a) Growth O,-pressure dependence of exchange bias H (black circles) and interfacial layer thickness ¢, (diamonds) and the best fit for t = 9
+ 1 nm NiCo,0, films. Hg was measured at 50K with a cooling field of 40 kOe. b) Structural models around the interfacial layers for three films grown
with 1 mTorr, 5 mTorr, and 20 mTorr O, derived by co-fitting the XRR and PNR data. The in-plane magnetization in +40 kOe field at 20 K is illustrated by
the arrows, and the pair of opposite arrows in M; and T, areas indicates the antiferromagnetic spin arrangements. c¢) Growth O,-pressure dependence
of total Ni,Co;,,O layer (T;+M,) thickness and the T, thickness according to (b). d) Depth profiles of the magnetizations at 20 K in a 40 kOe field
after cooling in a +40 kOe field for the three films illustrated in (b). The T, transition layers are labeled explicitly to emphasize the relatively smaller

magnetization of T, for the film grown in T mTorr O,.

layer falls below a critical thickness.!*”] Here the critical thick-
ness appears to be ~1.9 nm, i.e., the thickness of the Ni,Co, O
layers (T, + M,) at P, = 10 mTorr, close to the critical thickness
(1.6 nm) of CoO observed in the Fe;0,/CoO heterostructure.38!
Interestingly, unlike Fe;O0,/Co0,*! the blocking temperature
(=300 K) in the NCO film samples grown with 5 mTorr O, does
not decrease, although the Ni,Co, ,O AFM layer is only 2.2 nm
thick.

The lower Hy for Py, < 5 mTorr suggests a diminished ex-
change coupling between the AFM and the FM layer. When the
AFM layer is thicker than the critical thickness, it can be consid-
ered rigid except for some twists at the interface.[**! In this case,
the exchange coupling at the interface is vital to the exchange
bias. The T, transition layer is crucial in determining the cou-
pling since it corresponds to the structural transition from the
AFM Ni Co, O layers to the FM NiCo,0, M, layer. As shown
in Figure 5d, for the films grown in Py, = 5 and 20 mTorr, the
magnetization of the T, transition layer is close to that of the M,
layer, suggesting a well-ordered T, transition layer and a well-
defined AFM/FM interface. In contrast, for the film grown in
Py, = 1 mTorr, the magnetization of the T, transition layer is
halfway between the M, and the M, layers, suggesting a T, tran-
sition layer with significant disorders and a smeared interface,
which will reduce the interfacial coupling. Consider the rigid ro-

tation model, exchange bias Hy o« —=2—— [*ll where M,
My, b, +My, by, 2
(Myy,) and tr (ty,) are the magnetization and thickness of the

Adv. Electron. Mater. 2025, 11, 2400149 2400149 (6 of 8)

T, (M,) layer, respectively. Using the magnetization profile in
Figure 5d, we calculated Myt + M, t,, for the 10 nm films
grownin Py, = 1and 5 mTorr and found 7.5 and 7.6 py nm fu. ™,
respectively, which are virtually the same. Since the denomina-
tor My tr + My, t,, in the exchange bias formula is only mod-
erately changed, the reduction of the interfacial exchange energy
Ao would effectively decrease the measured exchange bias value.
Moreover, the M, layer in the 1-mTorr film displays a small but
discernible net magnetization without exhibiting higher NSLD
than the M, layer, contrasting with findings for 5-mTorr and 20-
mTorr samples. This suggests inferior AFM layer quality at lower
oxygen pressures. Therefore, reduced Hj, for Py, < 5 mTorr can
be attributed to microstructural imperfections in the M, and T,
interface layers.

6. Conclusion

We demonstrated beyond-coercivity intrinsic exchange bias orig-
inated from interfacial reconstruction in NiCo,O, (111)/Al,0,
(0001) films. The “hidden” antiferromagnetic layer is identified
as the rock-salt Ni,Co, O at the interface, supported by compre-
hensive analysis including RHEED, magnetometry, XPS, XRR,
and PNR. The ability to control interfacial reconstruction and in-
trinsic exchange bias using growth oxygen pressure underscores
the application potential of this approach. This work establishes
new material platforms to study novel interfacial structural and

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH

d ‘T $TOT *X091661T

ssdny woxy

ASULOIT SUOWIWO)) 2ANEAIY) o[qedtjdde oyy q pauIoA0S a1k SI[IILIE Y 95N JO SOJNI I0J ATRIqIT SUI[UQ AS[IA\ UO (SUONIPUOD-PUE-SULIS)/WOd" AA[IMKIBIqI[uI[u0//:sdNY) SUONIPUO)) PUB SULId I, 9y} 3S *[$707/60/91] U0 A1eiqry surjuQ A[ip ‘Ujodur eyseIqaN JO ANSIAIUN Aq 61 1004T0T WIFB/Z00T 0 1/10p/W0d A[IMA:


http://www.advancedsciencenews.com
http://www.advelectronicmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC
MATERIALS

Open Access,

www.advancedsciencenews.com

magnetic states for magnetic storage and spintronics. It also
highlights the powerful interface engineering strategy in manip-
ulating material functionalities.

7. Experimental Section

Sample Preparation: The (111)-oriented NiCo,O, thin films were
grown on Al,O3 (0001) substrates by pulsed laser deposition (PLD) with
oxygen pressures from 1to 200 mTorr at 300 °C with a KrF excimer laser
of wavelength 248 nm, pulse energy 120 + 10 m, and repetition rate 4 Hz.
The growth processes were monitored by a reflection high energy electron
diffraction (RHEED) system.

X-Ray Diffraction and Magnetometry:  Specular 0—260 X-ray diffraction
(XRD) and X-ray reflectometry (XRR) were conducted by a Rigaku Smart-
Lab X-ray diffractometer (wavelength 1.5406 A); the film thicknesses were
extracted from the XRR data. The in-plane crystal structure was studied by
analyzing the RHEED patterns. The magnetic hysteresis loops were mea-
sured between 5 and 300 K in a superconducting quantum interference
device (SQUID) system after being cooled down from 320 K in + 40 kOe
or + 70 kOe fields.

X-Ray Photoemission Spectroscopy:  X-ray photoemission spectra (XPS)
were acquired using a VG100AX hemispherical analyzer and a SPECSX-ray
Mg Ka anode (1253.6 eV) source. All the XPS measurements were carried
out at room temperature in an ultra-high vacuum chamber with a base
pressure lower than 3 x 10~° Torr.

Polarized Neutron Reflectometry: Polarized neutron reflectometry
(PNR) experiments were performed on the Magnetism Reflectometer at
the Spallation Neutron Source at Oak Ridge National Laboratory34] using
neutron beams with wavelengths 1 in a band of 2-8 A and a polarization
of 98.5-99% using a 5 T cryomagnet.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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