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Abstract

®

CrossMark

Intrinsic exchange bias is known as the unidirectional exchange anisotropy that emerges in a
nominally single-component ferro-(ferri-)magnetic system. In this work, with magnetic and
structural characterizations, we demonstrate that intrinsic exchange bias is a general
phenomenon in (Ni, Co, Fe)-based spinel oxide films deposited on a-Al,03(0001) substrates,
due to the emergence of a rock-salt interfacial layer consisting of antiferromagnetic CoO from
interfacial reconstruction. We show that in Ni,Co,Fe3_,_,04(111)/a-Al,03(0001) films,
intrinsic exchange bias and interfacial reconstruction have consistent dependences on Co
concentration y, while the Ni and Fe concentration appears to be less important. This work
establishes a family of intrinsic exchange bias materials with great tunability by stoichiometry
and highlights the strategy of interface engineering in controlling material functionalities.

Supplementary material for this article is available online

Keywords: exchange bias, interfacial reconstruction, spinel oxides, pulsed laser deposition

1. Introduction

At an interface between two oxides of distinctive structural,
charge, spin or orbital orders, dramatic reconstruction [1] can
be accommodated and induce novel structural, electronic, and
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title of the work, journal citation and DOI.

magnetic states. Examples include interfacial MnO double
layers with charge polarization in YMnO3/Al, O3 [2], quasi-
2D electron gas between insulating LaAlO3 and SrTiOs [3],
interfacial superconductivity between insulating La,CuO,4 and
metallic (La, Sr),CuQy [4], and ferromagnetic metal state with
colossal magnetoresistance in the superlattice of antiferromag-
netic insulators LaMnO3; and SrMnOs [5].

Exchange bias [6, 7] is a unidirectional anisotropy gen-
erated by interfacial exchange interaction between a fer-
romagnet and an antiferromagnet and works as the essen-
tial principle of stabilizing soft ferromagnetic compon-
ents in magnetic read heads and pinning harder reference
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layers in spin valve devices. Intrinsic exchange bias [8]
is the phenomenon that exchange bias arises in a nomin-
ally single-component ferro/ferri-magnetic material grown
on a non-magnetic substrate. Without intentional fabrica-
tion of antiferromagnetic components, intrinsic exchange bias
phenomena can simplify device designs in magnetic stor-
age and spintronics in view of ever-increasing demands
for miniaturization and cost-effect device manufacturing.
To date, intrinsic exchange bias has been reported in vari-
ous heterostructures such as LaNiOs/LaMnO; superlattices
[9], La2/3$r1/3MnO3/LaSrAlO4 [10], SrRuO3maA103 [11],
Fe/MgO [12] and Lag 67519 33Mn0O3_5/SrTiO3 [13]. However,
most intrinsic exchange bias studies in thin films remain
sporadic and provide poor tunability. And none of these repor-
ted materials’ exchange biases surpass their coercivities, fail-
ing to meet the necessary criterion for application.

Transition metal spinel TM304 (TM = Fe, Co, Ni)
such as Fe;04, CoFe,O4 and NiCo,04 have been intens-
ively studied for applications in chemical/biosensors [14],
energy storage [15], electromechanical devices [16] and spin-
tronic devices [17, 18], owning to the broad scope of their
flexible magnetic, electronic, optical and chemical proper-
ties. Despite the large structural difference between cubic
TM304 and rhombohedral a-Al, O3, TM30, thin films such
as Fe;Oq4 [19], CoFe,04 [20] and NiCo,04 [21] can be epi-
taxially grown on a-Al,O3;. We have previously reported
that, in CoFe;04(111)/a-Al;03(0001) and NiCo,O4(111)/ -
Al,03(0001) thin films, an interfacial layer containing the
antiferromagnetic CoO develops from interfacial structural
reconstruction, where a colossal intrinsic exchange bias as
large as 7 kOe and an exchange bias beyond the coerciv-
ity are observed, respectively [8, 22]. Here we demonstrate
that such intrinsic exchange bias emerges in spinel thin films
Ni,CoyFe;_,_,04(111)/a-Al,03(0001) (0 < x + y < 3)
from interfacial reconstruction as the Co concentration y
lies in the range 0.15 < y < 2; and are greatly tunable by
Co concentration.

2. Experimental methods

(1 1 1)—oriented NiF6204, Ni0.95COQ,15F61,9504, Nio,75C00.75F61,5
04, Ni0,67CoFe|,3304, COF6204, Ni0.5C01.5FCO4, NiC0204,
Nip,15C02 55Fe0 304 thin films were grown on a-Al, O3 (0001)
substrates by pulsed laser deposition (PLD) with an oxygen
pressure of 5 mTorr at 520 °C, 440 °C, 390 °C, 340 °C,
530 °C, 330 °C, 300 °C and 20 °C, respectively. All targets
were fabricated by solid state reaction from Fe, O3, NiO and
Co,03; powders with a purity of higher than 99.9%. The KrF
excimer laser of wavelength 248 nm was employed to ablate
the targets with a pulse energy of 120 4= 10 mJ and a repetition
rate of 4 Hz. Growth temperatures for all materials have been
optimized. The growth processes were in-situ monitored by a
reflection high energy electron diffraction (RHEED) system.
For every sample, we in-situ recorded the RHEED images
along Ni,CoyFes_,_,04[112]/ a-Al,03[1100] every second.

The out-of-plane x-ray diffraction (XRD) and x-ray
reflectivity (XRR) were conducted by a Rigaku SmartLab
x-ray diffractometer (copper K-a source, x-ray wavelength
1.5406 10\); the film thicknesses were extracted from the XRR
data. The in-plane crystal structure was studied by analyzing
thickness-resolved RHEED patterns.

The magnetic hysteresis loops were measured from 5 K to
300 K in a superconducting quantum interfere device (SQUID)
system after being cooled down from 320 Kin £4 Tor £7 T
fields. Exchange bias Hg and coercivity Hc are defined con-
ventionally by |Hy+ Hpl/2 and |1Hgy-H,l/2, respectively,
where Hy; and Hyy, are the two field values at which magnet-
ization M(H) = 0.

3. Universality of intrinsic exchange bias in spinel
Ni,Co,Fe3_x_,04 films

The ideal spinel structure of TM30O, features a face-
centred-cubic oxygen ion sublattice with half of its octa-
hedral sites and one eighth of its tetrahedral sites occu-
pied by smaller TM cations [23]. TM cations arrange in
such a way that the lattice constant of TM cation sublat-
tice is the twice as much as that of the oxygen ion sub-
lattice. In this work, eight members of Ni,Co,Fe;_,_,04
(111) O < x + y < 3) thin films, i.e. NiFe;Oy,
Nip 95Cop.15F€1.9504, Nig75C0075F€1.504, Nigg7CoFe; 3304,
COF6204, Ni0,5C0|,5FCO4, NiC0204, Ni0,|5C02,55Feo,304,
were epitaxially grown on «-Al,03(0001) substrates by
PLD and the growth processes were monitored in situ by
RHEED. The cation ratios were chosen so that samples
have varying concentrations of Fe, Co and Ni; especially
the Co ratio covers a large range from O to 2.55. The films’
spinel structure is confirmed by the #-26 scan of XRD of
Ni, Co,Fe;_,_,04(0 < x + y < 3) films in figure 1(a) and
the typical RHEED patterns along two perpendicular in-plane
directions shown in figure 1(b) (see figure S1 in supplemental
materials for RHEED patterns of all eight Ni,Co,Fe3_,_,04
films). In x-y phase diagram figure 2(a), the emergence of the
intrinsic exchange bias of Ni,Co,Fe3_,_,04 films is demon-
strated, where the red balls denote the film members with
exchange bias and the blue balls indicate the members of
which no exchange bias were observed. Shown in figures 2(b)—
(e) are typical in-plane hysteresis loops of 4 materials meas-
ured at 20 K after the samples were cooled down in £70 kOe
fields (for hysteresis loops of more materials, see figure S2
in supplemental materials). Clearly, except NiFe,O4 and
Ni 15Co5 55F€0.304, all other samples in Ni,CoyFes;_,_,04
series show significant exchange bias. NiCo,Oy4 stands out as
its Hg surpasses Hc as shown in figure 2(e) [22]. It is worth
mentioning that, as shown in figure 3 and discussed in section 3
in the supplementary materials, the relatively thin samples
(about 10 nm) of some films such as Nig75Cog75Fe; 504
and Nig¢7CoFe; 3304 demonstrate intriguing large nominal
exchange bias of around 10 kOe as a result of the signific-
ant vertical shifts of hysteresis loops along the magnetization
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Figure 1. (a) 6-20 XRD of Ni,Co,Fe;_,_,04(0 < x + y < 3) films.
The thicknesses of the samples from bottom to top are 11 nm,

18 nm, 32 nm, 21 nm, 13 nm,18 nm, 15 nm and, 18 nm,
respectively. (b) RHEED patterns of a-Al,O3 and a 18 nm

Nig.5Co1 5FeOy film along two perpendicular in-plane directions
NiCo,0;4 [110] and [112] of the sample in (a).

axis. The inset of figure 2(a) illustrates the proposed real-
istic structure of Ni,Co,Fe;__,04(111)/a-Al,03(0001) thin
films with an interfacial layer from reconstruction. As already
demonstrated in [8, 22], this interfacial layer is proposed to
contain antiferromagnetic CoO which pins the magnetization
of the ferrimagnetic Ni,Co,Fe;_,_,04 layer to produce the
intrinsic exchange bias.

4. Interfacial nature and blocking temperature of
intrinsic exchange bias

The interfacial nature of intrinsic exchange biases
in Ni,Co,Fes_,_,O4 thin films is indicated by the
thickness-dependence of Hg of NiCo,04, CoFe,O, and
Nig75Cop.75Fe; 504 in figure 3(a), where tgy, #;, and f, are
the thickness of the ferrimagnetic part of the film, the inter-
facial layer, and the whole film, respectively. Here, CoFe,Oy4
samples were grown in 10 m Torr O,, while NiCo,0O4 and

Nip75Co0g.75Fe; 504 samples were grown in 5 m Torr O;.
Evidently, as the thickness increases, Hg of all three materials
decrease steadily here. Hg(tpy) of all cases can be fitted into
the power law relations with a power of 0.9, 0.4 and 0.5 for
NiCo,04, CoFe,;04 and Ni 75Coq 75Fe| 504, respectively. The
deviation from the power 1 in the traditional Meiklejohn-Bean
model [6] could be due to the smearing interface between the
interfacial layer and the ferrimagnetic layer, which will be
shown in figure 4.

Temperature-dependent exchange bias and coercivity of a
10 nm NiCo,04 film, a 10 nm CoFe,Oy4 film and a 12 nm
Nip75C0g.75Fe1 504 film in figure 3(b) demonstrate that both
Hg and Hc in general increase with the decreasing of the tem-
perature except the abrupt drops in Hg and Hc for 7 < 20 K
in NiCo,0O4 and CoFe,0y4 films coinciding with the sharp
jump of their saturation magnetizations for 7 < 20 K in
figure 3(c). Presumably, this phenomenon could be a mag-
netic phase transition from the low-spin state to the high spin
state. It might be induced by the strain effect because it was not
observed in thick samples. Note that such dramatic changes of
Hg, Hc and M for T < 20 K were not observed in the case of
Nip75Co0¢.75Fe; 504 (figures 3(b) and (c)), which implies that
such a transition is closely related to the stoichiometry of the
films. Since thermal energy can disrupt magnetic order and
so weaken the interfacial exchange coupling, exchange bias
normally can only survive below certain temperature, which
is known as the blocking temperature of exchange bias. From
figure 3(b), clearly, the blocking temperatures of Hg for all
three materials are consistently around 300 K, suggesting a
similar or same exchange bias mechanism. Since according
to figure 3(c), room-temperature magnetizations of all three
kinds of thin films stay still quite large, the Curie temperatures
of NiCo,04, CoFe, 04 and Nij 75Coq 75Fe; 504 are expected to
go way beyond 300 K. Therefore, the blocking temperatures
here mainly reflect the degradation of the interfacial layer’s
antiferromagnetic order, and so, are supposed to be close to the
Néel temperatures of the presumptive antiferromagnetic inter-
facial layer. Common antiferromagnetic oxides of Fe, Co and
Ni include a-Fe, O3 (Ty ~ 950 K) [24], FeO (T ~ 190 K)
[25], CoO (Tn ~ 290 K) [26], Co304 (T ~ 40 K) [27] and
NiO (Tx ~ 90 K) [28]. As only the Néel temperature of CoO
matches the vanishing temperature of Hg in the figure 3(b),
this supports the structural model in the inset of figure 2(a)
with an interfacial layer dominated by CoO.

5. Interfacial reconstruction in
NixCOyFe3_x_yO4(111)/0(-A|203(0001)

To reveal the interfacial reconstruction in these
Ni,Co,Fe;_,_,04(111)/ a-Al,03(0001) thin films, we recor-
ded thickness-resolved RHEED patterns in situ along the
Ni,CoyFe;_,_,04 [IIO] in-plane direction. For each thick-
ness, the intensity of RHEED image is summed along the
streak direction; thickness-resolved RHEED pattern is then
obtained by combing the results of different thicknesses,
as shown in figure 4(a) for NigsCo;sFeO4 as an example
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Figure 2. (a) Emergence of Intrinsic exchange bias in spinel Ni,CoyFe3_;_,04 (0 < x 4 y < 3) thin films shown in the x-y phase diagram.
The films in which nonzero exchange bias (Hg# 0) was observed are denoted by red solid circles, while those do not exhibit exchange bias
(Hg= 0) by blue solid circles. Experimentally, any exchange bias value smaller than 0.2 kOe was taken as a result of experimental errors.
The inset represents the proposed structure of NiyCoyFe3_,_,Oy4 thin films with an interfacial layer shown with the blue color. (b)—(e)
Featured magnetic in-plane hysteresis loops of Ni,CoyFe3_._,04 films (grown in 5 mTorr oxygen gas) measured at 20 K after cooling in
47 T fields: (b) 16 nm Nig75C0¢ 75Fe1 504; (c) 9 nm CoFe;04; (d) 11 nm Nig5Co; 5FeOy; (e) 10 nm NiCo,04. Hg and Hc are exchange
bias and coercivity, respectively. The data in (e) was also published previously by the authors in [22].
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Figure 3. (a) Thickness-dependent exchange bias HE (circles) and their fittings (lines) of NiCo,04 (black), CoFe,04 (red) and
Nig.75Co0075Fe 1 504 (blue); the data of NiCo,O4 was measured at 50 K with 440 kOe cooling field, while those of CoFe;O4 and
Nig.75Co00.75Fe; 504 at 20 K with +70 kOe cooling field. try = ¢ — #7 is the ferrimagnetic layer thickness with the interfacial layer thickness
17 subtracted from the total thickness . (b) Temperature behaviors of exchange bias Hg (circles) and coercivity Hc (stars) of a 10 nm
NiCo0,04 (black), 10 nm CoFe;04 (red) and a 12 nm Nig 75Cog 75Fe; 504 (blue). (c) Temperature behaviors of saturation moments Ms of a
10 nm NiCo,04 (black), a 10 nm CoFe; 04 (red) and a 12 nm Nig75Cog.75Fe 504 (blue). The data about CoFe;O4 films here were also
published previously by the authors in [8].

(see figure S5 for all materials in supplementary materials). differences between the interfacial layer and the well-defined
As illustrated in figure 4(a), the interfacial-layer stands out Nips5Co;5FeQq4, from figure 4(a), we extract the thickness
without obvious RHEED lines (2 2 —4) and (—2 —2 4) of dependence of the in-plane lattice constant relative to the
the spinel structure and the distances between (4 4 —8) and  thick-limit value, and the intensity of RHEED lines (2 2 —4).
(—4 —4 8) lines in interfacial-layer are smaller than that of Figure 4(b) corresponds to the NiysCo;sFeO4 film in the
spinel NipsCo;sFeO4, matching the crystal structure and range O < ¢ < 6.5 nm. The profiles of in-plane lattice constant
lattice constants of FeO, CoO and/or NiO. To quantify the and RHEED line (2 2 —4) intensity in figure 4(b) indicate that
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Figure 4. (a) Typical thickness-resolved RHEED patterns of a
NigsCo; sFeO4 sample along the in-plane direction [110] ; the white
dashed lines mark the boundaries of interfacial layers defined later
in (b). (b) Thickness-dependent relative in-plane lattice constant
(black circles) and (2 2 —4) RHEED line intensity (blue curve)
extracted from (a); the interfacial layer contains one main sublayer
M; (bluish region) with larger lattice constant, transition layer T}
(greenish region) between substrate and M; and transition layer T,
(reddish region) between M; and second main layer NipsCo; sFeO4
M;; Aayp is the in-plane lattice constant difference between the
main sublayer M; and second main layer NipsCo; sFeO4 M;; The
in-plane lattice constant of M, was chosen as the baseline.

the interfacial layer at least includes three sublayers: one main
sublayer M; (bluish region) with a larger lattice constant, a
transition layer T, (greenish region) between the substrate and
M, and a second transition layer T, (reddish region) between
M, and the second main layer M,. Both the RHEED pattern
and the lattice constant of the M, sublayer match the rock-
salt structure of FeO, CoO and NiO. Since PLD growth tends
to keep the cation ratio from the Ni,Co,Fe;_,_,O4 target,
T; and M, are plausibly some mixtures of FeO, CoO and
NiO according to the chemical formula Ni,Co,Fe;_,_,04.
In figure 4(b), we defined two quantities to characterize the
interfacial reconstruction: the interfacial layer thickness #is
defined as the sum of the thicknesses of T, M; and half of

T, with half of T, as the error bar, and Aggp as the in-plane
lattice constant difference between M; and M,.

6. The role of Co

With both magnetic and structural characterizations, we have
demonstrated that an interfacial layer tends to emerge between
the substrate and the ferrimagnetic Ni,Co,Fe;_,_,04 films
as 0.15 < y < 2 and contains CoO as the essential compon-
ent to produce the observed exchange bias. In this section,
we provide more evidence and analyses in terms of cation
concentrations.

Figure 2(a) already suggests that Co plays a key role in
the mechanism of exchange bias: by comparing NiFe,04
and Ni95Cog 15Fe;.950y4, slight doping of Co leads to emer-
gence of exchange bias, while over-doping of Co elimin-
ates the intrinsic exchange bias phenomenon again as seen
from the case of Nigy 5C0, 55Fe(304. To quantify the unique
role of Co in the mechanism of exchange bias and interfa-
cial reconstruction, we extract from figure 2(a) and thickness-
resolved RHEED data the dependence of Hg, t; and Aa;p on
the cation concentrations and plot them in figures 5(a)—(c).
Because the magnitudes of exchange bias values are sensit-
ive to the specific ferromagnetic components, they vary dra-
matically among different Ni,Co,Fe;_,_,04 samples as we
already seen in figures 2 and S2. In figure 5(a). We there-
fore focus on whether the cation concentrations correlate with
the emergence of exchange bias or not, for which we indicate
using P (positive) and N (null) respectively. As defined above,
t; and Aaqjp characterize structural interfacial reconstruction.
Based on figure 5, the dependence of exchange bias and inter-
facial reconstruction on Ni concentration x and Fe concentra-
tion 3—x—y exhibit no obvious trends. In particular, #; and
Aayp can take two considerably distinctive values in two dif-
ferent materials NiFe,O4 and NiCo,0y4 of the same Ni con-
centration x = 1. On the other hand, Hg, t; and Aqyp appear to
have a consistent dependence on the Co concentration y: Hg,
t; and Aajp approach zero at y = 0 and y = 2.55, while they
stay finite in the range 0.15 <y < 2. This consistency reveals
the key role of Co in the interfacial reconstruction mechanism.
Moreover, since Nig ¢7CoFe 3304 and CoFe, 04 show similar
tr and Aagyp values (two y = 1 points in figures 5(b) and (c¢)), Ni
and Fe concertation seem less critical in the interfacial recon-
struction. The matching #;-y and Aayp-y relations further sug-
gest that Co concentration dominates the modulation of the
lattice constant and the thickness of the interfacial layer by
modulating the reconstruction process. In terms of the growth
process, our results here and in [22] reveal that, when oxygen
vacancy increases (low growth oxygen pressure), Co rather
than Fe and Ni tends to be able to initiate the rock-salt interfa-
cial layer over the c-plane of a-Al,Os. The apparent counter
example for y = 2.55, might be a result of the worse crys-
tallization in its growth as indicated by the weak and incom-
plete XRD (111) peaks of Nij 15C0;.55Feo 304 in figure 1(a);
it is also plausible that the reconstruction mechanism alters
significantly once Co concentration surpasses certain value.



J. Phys.: Condens. Matter 36 (2024) 505802

D Yang et al

Pl q®  p—o0—0g Fel| 4f (b Fel © 4 Fe
(" 2§ |
2 \/ \ |
b} $o—
N} 3xya 4 N ¥ 3xy - 7 0 ¥ Ixy
P} 9—o0-0—o— Coi _ 4 Co| Co
e S} / 21t i
- +_’_+ = é.é——-"é"
Nt y ' ﬂé . ¢ Y e qﬂ', N .
P' @9~ Ni 4 Ni 2| Ni
2t + 1t +\/
Nk X | oY M o0 X
0.0 05 1.0 15 20 25 3.0 00 05 1.0 15 20 25 3.0 00 05 1.0 15 20 25 3.0

Figure 5. The dependence of exchange bias Hg (a), interfacial layer thickness #; (b) and the relative in-plane lattice constant of the
interfacial layer Aajp (c) on the concentration of Fe (top panels), Co (middle panels) and Ni (bottom panels). In (a), balls denote that
substantial exchange bias larger than 0.2 kOe was observed (P) for certain thin films, while squares stand for a null exchange bias value (N)

for certain thin films. t7and Aa;p were extracted from figure S5.

Although the microscopic mechanism of the interfacial recon-
struction in Ni,Co,Fe;_,_,0O4 thin film family requires fur-
ther experimental and theoretical studies, the analysis in this
section clearly supports the aforementioned exchange bias
mechanism, i.e. antiferromagnetic CoO in the interfacial layer
couples with ferrimagnetic Ni,Co,Fe;_,_,04 to generate the
exchange bias.

7. Conclusions

In conclusion, we have established a spinel oxide thin
film family Ni,CoyFes;__,04(111)/a-Al,05(0001) to gener-
ate and study intrinsic exchange bias. The intrinsic exchange
bias was demonstrated to be produced by an antiferromagnetic
interfacial layer, in which the effect of CoO dominates. The
exchange bias and interfacial reconstruction could be tuned
greatly by many parameters including thickness, temperature,
growth oxygen pressure and cation concentrations. Thanks to
the versatile properties of Ni,Co,Fe;_,_,04 ranging from fer-
rimagnetic semimetal to antiferromagnetic insulator, this thin
film family holds promising potential for applications in mag-
netic storage devices and spintronic devices.
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