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® (Received 30 January 2021; revised 5 May 2021; accepted 21 May 2021; published 2 June 2021)

We have studied the epitaxial CoFe, O, (111) films grown on Al,O; (0001) substrates of different thickness
at various temperature and discovered colossal intrinsic exchange bias up to 7 & 2 kOe. X-ray and electron
diffraction clearly indicate an interfacial layer about 2 nm of different crystal structure from the “bulk” part of the
CoFe, 0y film. The thickness dependence of the exchange bias suggests a hidden antiferromagnetic composition
in the interfacial layer that couples to the ferrimagnetic “bulk” part of the CoFe,O, film as the origin of the
exchange bias. Considering the structural, magnetic, and electronic structure, CoO has been identified as the
most likely candidate of the antiferromagnetic composition in the interfacial layer. This work suggests a path
for enhancing intrinsic exchange bias using combination of film and substrate of large structural differences,
highlighting the role of interfacial atomic and electronic reconstructions.

DOI: 10.1103/PhysRevB.103.224405

I. INTRODUCTION

At the interface between a ferromagnetic or ferrimagnetic
(FM) and an antiferromagnetic (AFM), the exchange inter-
action may favor the magnetization of the FM material in
a certain direction. This tendency to pin the magnetization
in one direction results in a bias in the magnetic hysteresis,
a phenomenon called exchange bias [1,2]. Exchange bias is
fundamental to many magnetic storage and spintronic de-
vices [2—4], and continues to be extensively studied both
experimentally [2,5] and theoretically [5—7]. Although the
consensus is that exchange bias originates from the pinning
of magnetic moment at the FM/AFM interface, the plethora
interface parameters and measurement conditions complicate
the construction of a general microscopic mechanism.

A type of exchange bias, called intrinsic exchange bias,
has been especially intriguing since it occurs at the inter-
face between an FM material and a non-magnetic material,
without a nominal AFM layer. Intrinsic exchange bias has
been reported in a variety of heterostructures where FM
thin films are epitaxially deposited on paramagnetic or dia-
magnetic substrates, such as LaNiOs/LaMnQOj superlattices
[8], La2/3SI'1/3MnO3/LaSI'AIO4 [9], SrRu03fLaA103 [10],
Fe/MgO [11]. All proposed mechanisms suggest formation of
interfacial layers with distinctly different magnetic ordering
that can pin the FM magnetization. For LaNiO3;/LaMnQOj3
superlattices, exchange bias comes from the induced magne-
tization associated with charge transfer at the interface [8].
In Lay/3Sr;;3MnO3/LaSrAlQy, a strain-induced LaSrMnOy-
based spin glass layer forms [9]. While for STRuO3/LaAlOs3,
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an AFM SrRuOs interfacial layer is seen [10]. With Fe/MgO,
FeO patches which form at the interface due to oxygen diffu-
sion from the substrate, are regarded as the AFM layer. These
interfacial layers are believed to pin the FM magnetization.

On the other hand, since intrinsic exchange bias relies
on formation of interfacial layers, the heterostructures where
intrinsic exchange bias was initially discovered [8-11], are
actually not expected to have large effects, because of the
film/substrate structural similarity. In other words, intrinsic
exchange bias, like other emergent interfacial phenomena,
is expected to be enhanced in epitaxial heterostructures of
large mismatch of film/substrate structures; this is why a large
intrinsic exchange bias around 2 kOe was observed in hexag-
onal Cr;Tes; thin films deposited on a zinc-blende phase CdTe
buffer layer [12]. In this regard, CoFe,O4 (CFO) thin films
deposited on Al,O3 substrates, appear to be a promising het-
erostructure for achieving even larger intrinsic exchange bias.

CFO is a ferrimagnetic insulator of large magnetocrys-
talline anisotropy, moderate magnetization, superior mechanic
hardness, and excellent physical and chemical stability, which
has been widely studied [13,14] and applied in high density
magnetic storage [15], magnetoelectric transducers [16] and
spin filters [17]. Although the face-center-cubic (fcc) inverse
spinel structure of CFO shares almost no similarity with the
rhombohedral corundum structure of Al,O3;, CFO films of
(111) normal direction can be epitaxially grown on Al,O;
(0001) substrates. The large difference in crystal structures
and lattice parameter between these two materials and the
large magnetoelastic effect of CFO implies the formation of
interfacial layer of distinct magnetism, which is promising for
large intrinsic exchange bias.

In this work, we studied crystal structures, magnetism, and
electronic structure of CFO (111)/Al,05 (0001) thin films.
Intrinsic exchange bias, as large as 7 £ 2 kOe, has been
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observed and attributed to the interplay between the “bulk”
part of the CFO film and an interfacial layer from the
film reconstruction. The structural, magnetic, and electronic
structural characterizations suggest CoO, as the main AFM
material, is responsible for the exchange bias at the interfacial
layer.

II. EXPERIMENTS

A. Sample preparation

(111)-oriented CFO thin films of thicknesses from 1.7 to
55.4 nm were grown on «-Al,O3 (0001) substrates by pulsed
laser deposition (PLD). The KrF excimer laser of wavelength
248 nm was employed to ablate the CFO target with a pulse
energy of 140 mJ and a repetition rate of 2 Hz. The oxygen
partial pressure was 10 mTorr during the growth. For all sam-
ples, the substrate temperatures were kept at 600 °C by a laser
heater system during the growth. The whole growth process
was in situ monitored by a reflection high energy electron
diffraction (RHEED) system. After the film growth, all the
samples were ex-situ annealed in one-atmosphere oxygen gas
at 600 °C for 5 hours in the furnace.

B. Structure characterization

The 6-20 x-ray diffraction (XRD) and x-ray reflectiv-
ity (XRR) were conducted using a Rigaku D/Max-B x-ray
diffractometer (cobalt K-« source, A = 1.793 A) and a Rigaku
SmartLab x-ray diffractometer (copper K-a source, A =
1.5406 A), respectively; the film thickness was extracted from
the XRR data (see Fig. S1 in Supplemental Material [18]).
The in-plane (IP) crystal structure was studied by analyzing
time-resolved RHEED patterns recorded every 30 seconds.

C. Magnetic characterization with SQUID

The magnetic hysteresis loops were measured in a super-
conducting quantum interfere device (SQUID) system with
the cooling field of 4-/— 70 kOe.

D. X-ray photoelectron spectroscopy

X-ray photoemission spectra were acquired using
VG100AX hemispherical analyzer and using a SPECS
X-ray MgK, anode (hv = 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 107 torr.

III. RESULTS AND DISCUSSION

A. Structural characterization and evidence
of interfacial reconstruction

Since the intrinsic exchange bias typically originate from
the hidden AFM interfacial layer, we carried out struc-
tural characterization of the CFO films, focusing on the
film/substrate interface.

The bulk CFO has an inverse spinel crystal structure,
as illustrated in Fig. 1(a). The fcc close-packed lattice of
oxygen anions include two types of cation interstices: tetra-
hedral A sites with coordination 4 and octahedral B sites with

coordination 6. While the A sites are occupied by Fe**, B sites
are shared by Fe’* and Co?*. When the CFO (111) films are
grown on Al,O3 (0001) substrates, the significant differences
between the two lattice structures are expected to cause the
reconstruction at the interface in addition to the epitaxial strain
in the CFO films.

The crystal structure of the CFO films was studied using
x-ray diffraction by measuring the out-of-plane (OOP) crystal
spacings using 6-260 scan. A representative scan for a t =
22.5nm sample is shown in Fig. 1(b), indicating no obvious
impurity phases and the CFO (111)/Al,03 (0001) epitaxial re-
lation. The spacing between the (111) planes d;11), calculated
from the CFO (222) diffraction peaks (see Fig. S2 in Supple-
mental Material [18]), is displayed in Fig. 1(c) as a function of
the film thickness ¢. Except for the data point at # = 3.3 nm,
d11 increases to approach the bulk value [19], demonstrating
that the CFO films are under a tensile strain which is released
gradually as the thickness increases. The apparent outlier data
point at r = 3.33 nm suggests the existence of an interfacial
layer with a rapid change of lattice spacing. On the other hand,
in the ultrathin limit, the weak intensity and large width of
the diffraction peaks (see Fig. S2 in Supplemental Material
[18]) make 6-26 XRD a less sensitive method. Therefore, a
more quantitative way of characterizing the interfacial layer is
needed.

The quantitative characterization of the interfacial crys-
tal structure of the CFO films was carried out using in-situ
RHEED by measuring the in-plane (IP) diffractions. RHEED
has the advantage of surface sensitivity (= 1 nm) due to
the grazing incident angle. Moreover, the in-sifu nature of
RHEED allows the real-time measurements during the growth
to reveal the evolution of crystal structure of the films as a
function of thickness.

The typical RHEED images of both the CFO thin films and
Al,Oj3 substrates are shown in Fig. 2(a). The electron beam
was along the CFO [110] and [112] directions for images on
the left and right, respectively. The streaky patterns are consis-
tent with the finite size of CFO grains and the 2-dimensional
nature of diffraction, which indicate smooth film surfaces.
Because of the fcc spinel structure of CFO, only all-odd and
all-even Miller indices can survive. The IP epitaxial relation
between CFO and Al,O3 can be extracted from the RHEED
pattern, as depicted in Fig. 2(b), with a 30 ° rotation between
the IP reciprocal unit cell of CFO relative to that of the Al,O3
substrate, which is the same as that of the Fe;O4 (111)/A1,03
(0001) films [20].

Time-resolved RHEED was carried out to elucidate the
structural evolution of the films by monitoring the top layer
of the film during the growth [20]. RHEED images with
electron beam along the CFO [112] direction were taken every
30 seconds during the film growth at a repetition rate of
1 Hz. With the growth speed ~1.34 A/min, the deposition
time can be converted to film thickness. The RHEED images
were then summed up along the direction of streaks to form
the RHEED spectra, i.e., RHEED intensity as a function of
horizontal position. Combining all the spectra, one reaches
the 2-dimensional representation of the time (or thickness)
dependence of the RHEED pattern, as shown in Fig. 2(c).
The CFO (—660), (—220), (2-20), (6-60) weak diffraction
lines are characteristics of spinel structures, corresponding to
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FIG. 1. Structural characterization. (a) Crystal structure of inverse spinel CFO, polyhedral model showing two interstitial sites: tetrahedral
A sites marked by yellow and octahedral B sites marked by blue, respectively. (b) The 6-260 XRD results of a CFO film with a thickness of
t = 22.5nm. (c) Thickness-dependent interplane spacing of CFO (111) lattice planes, indicating a tensile strain released with thickness.

the Fe/Co cation sublattice whose lattice constant is double
of that of the fcc oxygen sublattice. Those weak lines (in the
yellow dashed box) do not appear until # &~ 2 nm. To quantify
this observation, the intensity of the weak diffraction lines
was calculated as a function of the thickness; the relative IP
lattice constant was also extracted from the spacings of the
diffraction streaks; the results are shown in Fig. 2(d). The IP
lattice constant decreases with thickness, which corroborates
the tensile strain hinted in Fig. 1(c). The abrupt reduction of IP
lattice constant between 1 and 2 nm coincides with the abrupt
change in diffraction intensity of the weak lines, which is a
direct evidence of existence of an interfacial layer.

To summarize the structural characterization: (1) The CFO
films can be divided into an interfacial layer and the “bulk”
part of the film, as illustrated in Fig. 2(e). Since the transition
of lattice constant and RHEED intensity from the interface
to the “bulk” in Fig. 2(d) finishes at t &~ 2 nm, we treat the
part of film # > 2nm as the “bulk” part of the film and de-
fine tcpo=t — tp (tp = 2nm) as its thickness. The part of film
t < 2nm is treated as the interfacial layer due to its dramatic
differences from the “bulk” part. (2) The disappearance of
the weak lines in the interfacial layer suggests the lattice
constant of the interfacial layer is smaller than that of CFO,
because less points in the reciprocal space means longer recip-
rocal base vectors and smaller separation of real-space lattice

points. More specifically, if the interfacial layer also has an fcc
crystal structure, which is the most likely scenario given the
similar IP symmetry (see Table I in Supplemental Material
[18]), the lattice constant is roughly % of that of CFO, i.e.,
2ainer ~ acro. The measured relative IP lattice constant in
Fig. 2(d) further indicates that 2aiyer & acro + 0.1 A.

B. Magnetic characterization and colossal exchange bias

After the structural characterizations, we measured the
magnetic properties of the CFO films to examine the expected
exchange bias and to gain more insight on the interfacial layer.

1. Magnetic hysteresis loops containing interfacial
and “bulk” components

Figures 3(a) and 3(b) show the typical OOP and IP hys-
teresis loops of an ¢ = 8.6nm sample measured at 20 K.
All the hysteresis loops were measured after the samples
were cooled down from room temperature under magnetic
field +/— 70 kOe. Both OOP and IP hysteresis loops show
the “wasp-waisted” shapes with a soft (small coercive field)
and a hard (large coercive field) component, which was nor-
mally observed in CFO nanoparticles where the origin of the
shape is not fully understood [21]. On the other hand, in
this work, the soft and hard components can be attributed
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FIG. 2. Epitaxial relation of CFO/Al,O; films and time-resolved RHEED. (a) RHEED pattern of CFO films and Al,O; substrates along
two perpendicular IP orientations (b) IP reciprocal primitive unit cells of Al,O5 substrate (green), interfacial layer (blue), and CoFe, O, (red).
(c) The evolution of [112]-direction RHEED pattern during the growth. (d) Thickness dependence of weak-line intensity and relative IP lattice
constant extracted from the RHEED patterns. (e) Schematic diagram of a structure model of the CFO/Al,O; heterostructures.

(a) 40} (b) 40f
—=— +70kOe FC . j//::lf:!;k::? ' —=—+70 kOe FC
e -70kOe FC |grme” «® ~ e -70kOe FC
o . 20+
3 b
: f
3 A
20t 8.6 nm ./‘Soft
/3 o2t
- -9
P P 1P
-60 -40 -20 0 20 40 60
H (kOe)
(d) 10
@ Experimental data
— Fitting
8 Hpp x .04
< CFO
\ﬂ’g , i }
I
gl i lcro= 11y lcpo= -1y
e T = 20K, Field Cool +70 kOe 1r 1= 20K, Field Cool +70 kOe
0 10 20 30 40 50 60 1 2 10 20 100
tCFO (nm tc/:o (nm)

FIG. 3. IP and OOP exchange bias. Representative hysteresis loops of exchange bias with cooling magnetic field of +/— 70 kOe along (a)
OOP direction and (b) IP direction. Measuring temperature is 20 K, and the thickness of this sample is r = 8.6 nm. After subtracting the soft
component, the OOP and IP Hgg are 3.13 kOe and 0.89 kOe, respectively. The thickness-dependent coercivity field (Hc) (c) and Hgg (d) and
at 20 K. In (d), black balls denote the experimental data, while red line is the fitting curve. fp = 2 nm.
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to the interfacial and the “bulk™ contributions since the hard
component increases linearly with the film thickness while the
soft component remain approximately constant when the film
thickness increases (see Fig. S3 and Fig. S4 in Supplemental
Material [18]).

A linear fit of the thickness dependence of the satura-
tion magnetic moment measured at 20 K show that the hard
component (“bulk” part of the CFO film) has a saturation mag-
netization Mg, = 1.55 up/f.u., which is substantially smaller
than the bulk value 3.3 — 3.9 ug/f.u. [22,23]. Reduction of
magnetization of CFO film has been observed previously
with several mechanisms proposed [24]. Change of ionic spin
states due to strain could be a possible reason for the CFO
film studied here (see discussion in the Supplemental Material
Section S2.1 [18]).

The different origins of the soft and the hard components
in different part of the films, also allows for extraction of
the hard component by subtracting the soft component in
the Supplemental Material Fig. S5 [18] (see, also references
[25]) and the calculation of the average coercive field Hc. The
thickness dependence of Hc measured at 20 K is displayed as
a function of #cpg in Fig. 3(c). For fcpo > 5nm, Hc increases
with fcpo and reaches saturation at about tcpg = 14.6 nm. This
increasing trend of H is consistent with previous results ex-
plained as more antiphase boundaries in thinner films [26,27].
Similar to the thickness dependence of d(;11), the data point at
tcro = 1.3nm (¢t = 3.3 nm) is an outlier that does not follow
the overall trend, indicating a different magnetic nature of the
interfacial layer.

2. Colossal exchange bias

Exchange bias is clearly visible in Figs. 3(a) and 3(b) as
the shift of the hysteresis loops for different the field-cool
(FC) conditions. An analysis of the derivative dM/dH shows
that the contribution of the soft component to the exchange
bias is negligible, in contrast to the obvious shift of the hard
component. We then calculated the exchange bias (Hgg) using
the shift of the hard component of the hysteresis loops. An
OOP Hgg = 3.1kOe and an IP Hgg = 0.9 kOe were observed,
respectively, at 20 K for the r = 8.6 nm film.

Thickness dependent Hgg was derived from the hysteresis
loops measured at 20 K with OOP magnetic field. As plotted
in Fig. 3(d), Hgg increases when the film thickness decreases,
reaching a colossal value = 7 £ 2kOe for the fcpo = 1.3 nm
(t = 3.3nm) film. This trend of thickness dependence of Hgp
is expected for an interfacial effect where the magnetiza-
tion of the “bulk” part of the CFO film is pinned by an
AFM interfacial layer via the exchange interaction. Further-
more, the thickness dependence of Hgp can be fitted by a
power law Hgg o 1/tfp, where n = 0.4. In the interface-
based exchange bias models [28,29], the power-law thickness
dependence with n =1 corresponds to a sharp and ideal
interface. The power n = 0.4 may originate from the finite
transition thickness between the AFM layer and the “bulk”
part of the CFO film revealed in Fig. 2(d).

Temperature dependence of Hgp derived from the hys-
teresis loops measured for the t = 8.6 nm (fcpo = 6.6nm)
CFO film is plotted in Figs. 4(a) and 4(b) for OOP and IP
magnetic field, respectively. For both the OOP and IP fields

and T > 25K, Hgp decreases with temperature and disap-
pears at around 7' = 250 K. Since M, stays approximately
at 1.5 ug/f.u. as T > 25K for both the OOP and IP magnetic
field [Fig. 4(c) and 4(d)], the reduction of Hgg at higher tem-
perature can be understood as the reduction of the interfacial
exchange energy E. that needs to be compensated by Hgg as
Ee« = Hgp Mgy, where My, is the saturation magnetization.
When temperature increases, Ecx is expected to decrease and
eventually vanish at the ordering temperature of the AFM
layer. Therefore, the ordering temperature of the AFM layer is
above or close to 250 K. Below T = 25 K, Hgg increases with
temperature, which can be attributed to the rapid decrease
of Mg, from 4.5 ug/f.u. to 1.5 ug/f.u., in the Supplemental
Material Section S2.3 (see, also, reference [30,31])
Summarizing the magnetic characterization, a colossal
exchange bias up to Hgg = 7 £ 2kOe for the t = 3.3nm
(tcro = 1.3nm) CFO film at 20 K has been observed. The
thickness dependence of Hgg suggests that the magnetization
of the “bulk” part of the CFO film is pinned by the interaction
with the interfacial layer, suggesting the interfacial layer most
likely has an AFM ordering since the exchange bias survives
under the 70 kOe field. The temperature dependence of the
Hgg hints that the AFM ordering temperature is above and
close to 250 K. In addition, the interfacial layer also exhibits
ferromagnetic behavior with a small coercive field.

C. Electronic structural characterization and confirmation
of interfacial layer

To further elucidate the nature of the interfacial layer,
we studied the electronic structure of CFO(111)/A1,03(0001)
films using x-ray photoelectron spectroscopy (XPS). The XPS
Co 2ps» core level spectra for CFO films of thicknesses
t =5.5nm and ¢ = 1.7nm grown on Al,O3 are depicted in
Figs. 5(a) and 5(c), respectively. For the ¢t = 5.5 nm film, the
Co 2p3/2 XPS core level spectra contain three components: P,
at 781.4 eV, P, at 783.7 eV, and S (satellite) at 788.1 eV. For
the t = 1.7 nm film, these three Co 2p3,, core level features,
Py, P, and S are at the smaller binding energies of 781.0 eV,
783.4 eV, and 786.5 eV, respectively.

As illustrated in Fig. 5, for both the 1.7 nm and the 5.5 nm
films, the binding energies of Py, P>, and S Co 2p3, core level
components are somewhat greater than the CFO film Co 2p3/»
core level component binding energies of 780.4 eV, 782.8 eV
and 786.2 eV [32], 779.8 eV, 781.9 and 785.9 eV [33] and
779.8 eV, 781.4 and 785.5 eV [34] reported previously. These
somewhat larger binding energies are consistent with a dielec-
tric CFO grown on a dielectric substrate, although less than
the binding energies of 787.0 eV, 789.4 eV and 793.4 eV
reported elsewhere [35]. For the 1.7 nm film, the binding
energies of some of these three Co 2p3,, core level features
are in agreement with the results reported by Wan and Li [36].
Although the spectrum for Co 2p3,, core level features in the
work of Wan and Li [36] lacks a peak equivalent to P, in our
work, the binding energy values of spectral components P;
and S in our work for a 1.7 nm thick film are in agreement
with their values of 780.9 eV and 785.5 eV, respectively. The
value of binding energy for the Co 2p3/, core level feature (S)
seems to be higher in our work, than in the work of Wan and
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FIG. 4. Temperature-dependent exchange bias and saturation magnetization for the CFO thin film of ¢+ = 8.6 nm (fcpo = 6.6 nm). Hgp
measured in OOP (a) and IP (b) fields. Saturation magnetization Ms, measured in OOP (c) and IP (d) fields.

Li [36] but this could be a result of a poor fitting of the Co
2p3,» spectrum in the latter work.

These three Co 2p3/, core level features, labeled Py, P,
and S in Fig. 5, are typically assigned to the cobalt placed
in the cation octahedral and tetrahedral sites [32-35], respec-
tively, as well as an additional Co 2p3,, core level satellite
feature at even larger binding energy. The cation tetrahedral
and octahedral sites are the A and B sites of Fig. 1(a). This
assignment cation octahedral and tetrahedral sites fails here
because these two components differ substantially in surface
weight. This is evident in the changing ratio of P; to P,
with emission angle, obtained from angle-resolved XPS on
the 5.5 nm film as plotted in Fig. 5(b), since XPS becomes
more surface sensitive as the photoelectron emission angle,
with respect to the surface normal, increases [37-39]. The
higher ratio of P1/P, Co 2p;,, XPS spectra components, at
higher emission angles, show that more P; species is present
at the surface than P,, thereby making P; the surface core level
and P, the bulk core level components of Co 2ps3, core level.
Such a change in P,/P; ratio is consistent with a surface with a
cobalt species that differs from the bulk and calls into question
the assignments of the octahedral Oy, and tetrahedral Ty site
occupancy based on the core level photoemission intensities,
as done elsewhere [32,33,35]. The P; and P, core level fea-
tures in the Co 2p3,, XPS spectra for the 5.5 nm film and that
of the 1.7 nm film are tantamount to a surface to bulk core
level shift, but there must be recognition that the surface oxide
may differ substantially from the bulk oxide. The resulting

surface-to-bulk core level shift in the core level binding energy
is ascribed here to the different chemical environments of the
Co cations at the surface compared to the Co atom in the bulk
part of the 5.5 nm film [38—41].

The core level photoemission satellite feature (feature S) at
6 to 7 eV greater binding energy has been observed in both
the 1.7 nm and the 5.5 nm films, consistent with a 2-hole
bound state common to CFO [32-36,42-44] and cobalt oxides
with a band gap [45—-49]. Similar satellite peaks have been
commonly observed in oxides with Co** such as CFO and
Co0, but not as obvious in Co304 in which Co*>* dominates
[45,49,50].

In addition to the binding energy shifts in the Co 2p3,, core
level photoemission components, observed between 5.5-nm
and 1.7-nm thick films, the 1.7-nm-thick film has an additional
peak (Pp) with 779.4 eV binding energy, changing the shape of
Co 2p3,; core level spectra at the lower binding energies. This
additional Co 2p3,, core level binding energy component, Py,
has a larger binding energy than 778.3 eV [51] to 778.1 eV
[46], the Co 2p3,, core level binding energy of cobalt metal
[51] and is indicative of a reduced oxide in the Co 2p3/,
core level spectrum in the 1.7 nm film, similar to CoO at
a binding energy of 779.7 [45]and 780 [46,49]. Since the
1.7 nm film is close to the ~2 nm interfacial AFM layer
discovered from the structural characterization, the electronic
structure of this film is expected to reflect the properties of
the CFO/AL,O; interface. This additional Py Co 2p;3,, XPS
spectra component, in the thinner CFO films, supports the
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FIG. 5. XPS of CFO/Al,O3 films. The XPS of the Co 2p;/, core level features in CFO/Al, O3 with the CFO film of thicknesses (a)
t =5.5nm and (¢) t = 1.7nm. The Co 2p;3,, core level photoemission spectrum, for the = 5.5nm film (a), contains three peaks: P, P,,
and Satellite (S). An additional peak (Py) on the lower binding energy side to P, is observed in the r = 1.7 nm film (c). (b) The P,/P, XPS
component intensity ratios for the Co 2p3,, core level, from the 5.5 nm film, are plotted as a function of the photoemission take-off angle with
respect to the surface normal. (d) The fitted spectra of Co 2p3, core levels for the 5.5 nm and 1.7 nm films, displaying clear evidence of the
dielectric nature of the thicker CFO films and of an additional component peak (Py) in the thinner films.

scenario where the Co electronic structure in the interfacial
layer is different from the “bulk” part of the film. In addition,
the smaller binding energies overall and the larger number of
Co 2p3;2 XPS spectral components is indicative of suboxide
Co,0 (x > 1) formation. In contrast, there are no additional
peaks for the Fe 2ps;,, for CFO films with thicknesses of
5.5 nm and 1.7 nm (see Supplemental Material Fig. S7 [18]).

D. Discussion on the nature of the interfacial layer

According to the structural characterization, the lattice
constant of the interfacial layer follows 2ainer ~ acro +
0.1A. A survey of the possible cobalt iron oxides (see
Table S1 in Supplemental Material [18]) shows that fcc
FeO and CoO whose lattice constants are ap.o = 4.31 A and
aceo = 4.26 A, respectively, are reasonable candidates. Both
FeO and CoO exhibit AFM order, which is consistent with the
exchange bias observed in the CFO films. On the other hand,
exchange bias persists up to 250 K [Fig. 4], which supports
the key role of CoO since its bulk Néel temperature is about
290 K [52], and suggests that FeO is less likely because its
Neel temperature is only 190 K [53]. The spinel Co304 is also
unlikely due to the 40 K Neel temperature [54]. Previous work
shows that the Néel temperature of a 2 nm CoO layer may
reduce to 250 K [55], which may be related to the observed

temperature at which Hgp vanishes in Fig. 4. The OOP Hgg
observed in Fig. 3(d) is also in line with the Hgg = 3.7kOe
reported in the CFO-CoO core-shell nanoparticles [56], sug-
gesting the interfacial similarity between two systems. The
CoO layer is also consistent with the electronic structure of
the interfacial layer observed by XPS.

While most likely CoO is the hidden AFM material in
the interfacial layer responsible for the exchange bias, from
the stoichiometry point of view, certain form of iron oxide
is expected in the interfacial layer too. Here we propose
that the iron oxide takes the form Fe;_,O4 (0 <x < 1/3)
with the (inverse-) spinel structure. The two end members
of this material sequence are Fe;04 and y-Fe,03, with bulk
lattice constants dge3os = 8.39 A and Ay _Fe303 = 8.33 A re-
spectively [57] (see Table S1 in Supplemental Material [18]),
which are compatible to lattice constants of CoO and CFO.
Specifically, the crystal structure y-Fe,O; is essentially that
of Fe;04 with Fe vacancies [57]. The RHEED pattern of y-
Fe, O3 is also expected to have vanishing weak streaks due to
the disorder [20]. Both Fe;O,4 and y-Fe, 03 are ferrimagnetic
with high Curie temperature (860 K and 950 K for Fe;O4 and
y-Fe, 03 respectively) [58].The coercivity of the Fe;O4 and
y-Fe, 03 films is expected to be on the order of 100 Oe [20],
consistent with the soft component observed in the hysteresis
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loop that was attributed to the interfacial layer. Essentially, the
cobalt iron oxides reconstruct into separated Co-rich (CoO)
and Fe-rich (Fe;_x04) phases under the large tensile strain,
presumably because both CoO and Fe;_O4 can have larger
lattice constants.

Although the composition CoO and Fe;_,O,4 can account
for most of the observed structural and magnetic properties,
one should be reminded of the complexity of the system.
For example, the significant reduction of Mg, of CFO and
the rapid increase of My, at low temperature suggest the
structural sensitivity of the Co spin states (see discussion in
Supplemental Materials Section S2.3 [18]). In addition, the
interfacial layer contains a finite transition length of lattice
constants [Fig. 2(d)], which smears the boundary between the
“bulk” part of the CFO film and the AFM CoO. The complex
structural and magnetic properties in the transition region may
contribute to the colossal Hgg = 7.0 kOe measured under the
OOP field [Fig. 3(d)] in the # = 3.3 nm film. Elucidation of the
microscopic mechanisms will be important for understanding
and further enhancing the intrinsic exchange bias.

IV. CONCLUSIONS

Colossal exchange bias has been observed in CFO (111)/
Al,03(0001) films, up to Hgg = 7 = 2kOe in film of ¢t =
3.3nm at 20 K. An interfacial layer of about 2 nm due to

reconstruction of CFO has been observed by the structure
characterizations, consistent with the thickness dependence
of the Hgpg which indicates an exchange coupling between
an AFM layer and the FM CFO layer. Considering the lat-
tice constant and the distinct Co electronic structure of the
interfacial layer, and the temperature at which Hgg vanishes,
CoO has been identified as the AFM material in the inter-
facial layer responsible for biasing the magnetic hysteresis
of the “bulk” part of the CFO film via exchange coupling.
The magnetic hysteresis of small coercivity of the interfacial
layer was attributed to the spinel Fe;_O4 to compensate
the stoichiometry. Although many aspects of the complex
heterostructure still need to be understood, this work demon-
strates that interfacial reconstruction, which may be designed
using film-substrate combination, is an effective way in tuning
and enhancing intrinsic exchange bias.
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