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A B S T R A C T   

Development of antiferromagnetic/ferrimagnetic materials has been an area of active pursuit to advance the 
antiferromagnetic/ferrimagnetic spintronics. In this paper, we investigated the emergence of the spontaneous 
magnetization MS in the antiferromagnetic Cr2O3 thin film by the Al substitution. In the case of the 
(Cr1-xAlx)2O3(0001) thin films, MS increases with increasing Al composition x up to x ~0.21. The magnitude of 
MS decreases abruptly for x > 0.22, accompanied with the collapse of the crystal formation. We found that the 
induction of the spontaneous magnetization was highly associated with the growth process. The magnitude of MS 
depends on the growth direction of the film: MS at 10 K for x = 0.13±0.01 is 80 kA/m, 30 kA/m and 0 kA/m for 
(0001), (0112) and (1120) films, respectively. The difference in MS with the growth direction is relevant to the 
magnetic sublattice selective substitution of Al during the thin film growth. This specific substitution occurs in 
the growth plane having the layer-by-layer stacking of the magnetic sublattice, which was verified by the direct 
observations using the scanning transmission electron microscope.   

1. Introduction 

Ferrimagnets are a kind of magnetic materials, and they show the 
weak but finite spontaneous magnetization due to the unbalance of 
antiparallelly coupled sublattice magnetic moments, e.g, |m1| ∕= |m2|, 
∠(m1, m2) = π (Fig. 1(a)). The ferrimagnets offer the combined benefits 
of ferromagnets and antiferromagnets; the easy control and detection of 
magnetic order parameter by an external field due to the Zeeman 
coupling and the antiferromagnetic (AFM)-like ultrafast dynamics due 
to the antiparallel exchange-coupling between neighboring magnetic 
moments [1-7]. Especially, the former characteristic solves the problem 
in the AFM materials wherein the magnetic moments are fully canceled 
within the unit cell, e.g, |m1| = |m2|, ∠(m1, m2) = π (Fig. 1(b)). This 
benefit makes the ferrimagnets to be an alternative material platform of 
the emerging AFM spintronics [8]. To date, the rare earth-transition 

metal (RE-TM) based ferrimagnets such as Gd-(Fe-)Co [9-14] and 
Tb-(Fe-)Co [15-17] are widely explored. In these materials, the finite 
spin polarization makes it possible to polarize and detect the spin cur
rents, which advances the current-driven ferrimagnetic spintronics [8,9, 
12,15,18,19]. For instance, the ultrafast domain wall velocity exceeding 
1000 m/s was achieved [18,19] as a consequence of the compensation of 
the angular momentum with surviving the net magnetization. 

In the current-driven spintronics, the huge current density typically 
exceeding 1011 A/m2 [12] is required to control the magnetic moments 
and it gives rise to the large joule heating and the high-power con
sumption. The voltage-driven spintronics is a counterpart, and it can 
reduce the operation power due to no need of the electric current. 
However, since a voltage (an electric field E) is unconjugated with a 
magnetic moment, the elaborated path connecting magnetism with E is 
required. The magnetoelectric (ME) effect [20-23], an interplay between 
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magnetism and dielectricity, is a possible route to manage the magnetic 
moment via E. Since the net magnetization is not required for the ME 
effect to occur, the ME mechanism is applicable to the pure antiferro
magnets. Cr2O3 is a prototypical ME material exhibiting the antiferro
magnetism [20-24]. It has been so far demonstrated the ME-driven 180◦

switching of the Nèel vector l (= m1 – m2) using the bulk Cr2O3 [25,26] 
and Cr2O3 thin film [27-30]. In most of previous reports [25-31], the 
interfacial exchange coupling with the ferromagnetic (FM) layer, typi
cally Co is used to complement the difficulty to detect l in Cr2O3. This 
scheme, however, yields the excess energy barrier for the switching of l 
[32-34]. The induction of the weak but finite spontaneous magnetiza
tion, e.g. the ferrimagnetic ME insulator is helpful for the low-energy 
operation [35] via the finite Zeeman coupling with the external mag
netic field. Although there are conventional and typical ferrimagnetic 
insulators such as Fe3O4 [36-38] and Y3Fe5O12 [39-41], the 
ME-mechanism is not applicable to these materials because these are not 
in the category of the ME materials. Since the spatial- and time-inversion 
symmetry breakings are required for the materials to take the ME 
characteristics [20,42], the straightforward way to create ferrimagnetic 
ME materials is to dope other elements in the ME-AFM materials in 
maintaining the crystal structure with the spatial inversion symmetry. It 
has been so far reported that the Al and Ir doping into the Cr2O3(0001) 
thin film induced the finite magnetization [43,44] and that the film 
maintained the ME ability [43]. In the previous reports, the ME effect in 
the doped film was observed for the low dopant concentration, e.g., 
<3.7at% [43], and the high dopant concentration would deteriorate the 
ME coupling strength. Since the ME effect is strongly relevant to the 
ligand field acting on the magnetic elements and the detailed under
standing on the local structure around the magnetic elements is essential 
for the deep understanding and further development of a class of the ME 
ferrimagnetic insulator. Although the site-selective substitution [43] 
and the boundary magnetization in conjunction with the ME effect [44] 
have been discussed as the origin of the spontaneous magnetization, the 
in-depth investigation on the crystal structure is lacked, which veils the 
detailed mechanism of the induced spontaneous magnetization. In this 
paper, we report the emergence of the finite spontaneous magnetization 
in the Al-doped Cr2O3 thin films in collaboration with the in-depth 
structural investigation. It is found that the emergence of the sponta
neous magnetization is associated with the formation of Cr2O3 crystal, e. 
g., not amorphous, and it is also highly relevant to the thin film growth 
process. Our thorough exploration reveal that the spontaneous magne
tization is caused by the magnetic sublattice-selective substitution of 
non-magnetic Al, and this specific substitution occurs during the thin 
film growth along the direction having the layer-by-layer stacking 
structure of the magnetic sublattice. 

2. Experimental 

The Al-doped Cr2O3 thin films with the Al composition x, 
(Cr1-xAlx)2O3 films were grown on the α-Al2O3 substrate by using the 
reactive DC magnetron sputtering method. The base pressure of the 
deposition chamber was below 1 × 10− 6 Pa. The film thickness was 
designed as 200 nm for all studied films except for the special note. The 
deposition temperature was 773 K. We employed three types of the 
substrate having the different orientation: (0001), (0112) and (1120). 
The α-Al2O3(0001) substrate was mainly used and other two were used 
in the final part of this paper. The metallic Cr and Al targets were co- 
sputtered using Ar and O2 gas mixture. The x value was varied by 
changing the input power of Al target in maintaining the input power of 
the Cr target. The actual value of x was measured by the wave-length 
dispersed X-ray fluorescence (XRF) measurements. The XRF measure
ments was done using the films grown on the Mo foil which was 
simultaneously prepared together with the main films by locating the 
Mo foil aside the α-Al2O3 substrate. 

Magnetic properties were characterized based on the magnetization 
measurements using a superconducting quantum interference device 
(SQUID) magnetometer (MPMS5T, Quantum Design Inc.) and a 
vibrating sample magnetometer (PPMS, Quantum Design Inc.). 
Magnetization curves, M-H curves were measured at 10 K for the applied 
field directions perpendicular and parallel to the film. The applied field 
direction was altered to identify the magnetic easy direction. The tem
perature dependence of magnetization, M-T curves were also measured 
to evaluate the Curie temperature TC. To measure the M-T curves, the 
sample was cooled from 300 K to 10 K under the magnetic field of +2 T 
applied to the direction perpendicular to the film plane. The field was 
removed after stabilizing temperature at 10 K. The magnetization was 
measured upon heating the sample from 10 K to 300 K. The TC value was 
defined as the temperature at which the magnetization becomes zero. 
Soft X-ray absorption spectrum (XAS) and soft X-ray magnetic circular 
dichroism (XMCD) were measured at 80 K. The left- and right-circularly 
polarized X-ray was irradiated on the sample with the incidence angle 
10◦ from the surface normal. The helicity of the incident X-ray was 
periodically switched with 1 Hz using the twin-helical undulator [45]. 
The photon energy was around the Cr L2,3 edges. The absorption in
tensity was measured by the total electron yield (TEY) method with the 
applied voltage of − 36 V. During the measurements, the magnetic field 
of 1.9 T was applied to the direction perpendicular to the film. XAS and 
XMCD measurements were done at BL25SU, SPring-8 synchrotron fa
cility. The TEY method is surface-sensitive, ∝ exp(− t/λ) (t is the distance 
from the surface and λ is the decay length). Since the decay length at the 
Cr L2,3 edge is reported to be about 0.9 nm [46], these measurements 
detect the signal from Cr in the vicinity of the surface. 

The film structure was analyzed by means of a reflection high-energy 
electron diffraction (RHEED), an X-ray diffraction (XRD), an X-ray ab
sorption near edge structure (XANES), an extended X-ray absorption fine 
structure (EXAFS), and a scanning transmission electron microscopy 
(STEM). The RHEED observations were done in-situ for the surface of the 
(Cr1-xAlx)2O3 films. The observations were carried out in the different 
ultra-high vacuum chamber directly connected with the deposition 
chamber via the gate valve so that the sample was not exposed to air for 
the RHEED observations. The acceleration voltage of the electron was 25 
kV, and the emission current was typically 50 μA. The XRD measure
ments were done using the conventional XRD measurement system 
(RIGAKU Ltd., Smart Lab.) with the Cu Kα irradiation monochromatized 
using the Ge 220 diffraction. The acceleration voltage and the emission 
current for the X-ray source was 45 kV and 200 mA, respectively. The 
lattice parameters, a and c, were evaluated for the (Cr1-xAlx)2O3(0001) 
films based on the 2θ/ω profile with the scattering vector q along 
[0001], and the 2θχ/ϕ profile with q // [1010], respectively. XANES and 
EXAFS measurements were measured at the Cr K edge. Measurements 
were done at BL01B1, SPring-8 synchrotron facility. The Athena and 

(a) Ferrimagnet (b) Antiferromagnet
m1

m2

m1 m2

Fig. 1. Schematic drawing of the typical arrangement of magnetic moments in 
(a) ferrimagnet and (b) antiferromagnet. 
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Artemis software [47] were used for the analysis of EXAFS data. The 
X-ray was irradiated with the incident angle of 80◦ from the surface 
normal. The absorption signal was collected by the fluorescence method 
which detects the signal from the whole film. STEM images were ob
tained using the JEM ARM200F transmission electron microscope (JEOL 
Ltd.) operated at 200 kV. The STEM images were collected with the 
angular dark-field (ADF) imaging method. All structural characteriza
tions were done at room temperature. 

3. Results and discussions 

3.1. Induction of spontaneous magnetization by Al doping 

Figs. 2(a)− 2(e) show the magnetization curves measured at 10 K for 
x = 0.00 – 0.26. The film with x = 0.00, e.g., the pure Cr2O3, does not 
show the significant magnetization within the magnetic field range, ±2 
T due to the antiferromagnetism (Fig. 2(a)). The M-H curves for the films 
with x = 0.04, 0.18 and 0.21 show the hysteresis, indicating that the 
films have the ferro/ferrimagnetic ordering (Figs. 2(b)− 2(d)). The MS 
values increases from 25 kA/m to 110 kA/m with increasing x from 0.04 
to 0.21. The magnitude of MS is lower than MS for the typical ferro
magnets, e.g., 1735 kA/m for Fe, 1446 kA/m for Co and 508 kA/m for Ni 
[48]. If the Cr moments were fully aligned in the (Al0.21Cr0.79)2O3 film, 
the MS value should be about 770 kA/m using the magnitude of Cr3+

moment in Cr2O3, 2.48 μB [49]. This value is about 6-times higher than 
the experimentally obtained MS, 134 kA/m, suggesting the ferrimag
netic ordering in our films. The shape of the M-H curves is rectangular 
for the applied field direction perpendicular to the film, whereas it is a 
S-shape for the in-plane direction; The films show the perpendicular 
magnetic anisotropy (PMA). The low MS helps to obtain the PMA in the 

200-nm thick film due to the low demagnetizing field. The MS value 
decreases to 11 kA/m for the film with x = 0.26 while the PMA is 
maintained (Fig. 2(e)). Fig. 2(f) plots the MS at 10 K as a function of x. MS 
monotonically increases with increasing x up to x = 0.21 and show the 
abrupt decrease for x > 0.21. The first monotonic increase agrees with 
the previous report [43] although the x value in Ref. 43 was limited 
below 0.04. 

Fallarino et al. reported that the finite magnetization is not highly 
degraded at x = 0.3 [44] although the magnitude of MS is much lower 
than our case. They attributed the observed finite magnetization to the 
boundary magnetization localized at the surface. If the observed 
magnetization fully relies on the boundary magnetization, the areal 
saturation magnetization, MS⋅t would be independent of the thickness. 
Fig. 3(a) shows the magnetization curves for the (Al0.15Cr0.85)2O3(0001) 
films having different thickness ranging from 20 nm to 180 nm. The 
rectangular hysteresis due to the PMA is maintained for every film. Fig. 3 
(b) plots the MS⋅t value as a function of thickness t. The MS⋅t value lin
early decreases with decreasing thickness. The linear dependence in
dicates that the spontaneous magnetization relies on the bulk effect. The 
slope gives the MS value, 130 kA/m, similar to the value shown in Fig. 2 
(f). The difference from the report by Fallarino et al. [44] would be 
attributed to the fabrication process. They prepared the Al-doped Cr2O3 
films by the high-temperature annealing for the amorphous film. Since 
this technique would give rise to the random substitution of Al on the Cr 
site, the uncompensated moment could be canceled out at the bulk site 
and only the intrinsic boundary magnetization could survive. 

Fig. 4 shows the typical M-T curves for the films with x = 0.04 – 0.26. 
The magnetization value at 10 K changes with x in the manner shown in 
Fig. 2(f). The magnetization shows the monotonic decrease with 
increasing temperature for every x and becomes zero at the x-dependent 

(a) (b) (c)

(d) (e) (f)

(a) (b) (c)

(d) (e) (f)

Fig. 2. (a)-(e) Magnetization curves measured at 10 K for the (Cr1-xAlx)2O3 films grown on α-Al2O3(0001) substrate. Al composition x is (a) 0.00, (b) 0.04, (c) 0.18, 
(d) 0.21 and (e) 0.26. Red and blue curves represent the curves for the applied magnetic field direction perependicular and parallel to the film plane, respectively (f) 
Al composition dependence of spontaneous magnetization MS at 10 K. Gray and red broken lines represent the calculated curves using eq. (1) assuming the perfect 
selection (y = 0) and the partially incorrected occupation (y = 0.36), respectively. (see text) Error bar in the MS value mainly comes from the magnetization 
measurements and the estimation error of the sample area. 
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Curie temperature, TC. Fig. 4(b) plots the change in TC with x. Since the 
pure Cr2O3 does not show the magnetization, the Nèel temperature TN 
for this film was determined by the anomalous Hall effect (AHE) mea
surements [50,51] shown by the open circles. The details of the deter
mination of TN based on the AHE measurements can be found in 
Ref. [50]. TC decreases in the nearly linear fashion with increasing x, 
which suggests the Al substitution of the Cr site and eventually the 
decrease in the number of the Cr-Cr coupling. The inset of Fig. 4(a) 
shows the normalized M-T curves where the magnetization value is 
normalized by the MS value at 10 K. A good matching for all curves 
suggests that the total angular momentum J of individual Cr is un
changed upon the induction of the spontaneous magnetization. One may 
suppose that the M-T curve can be reproduced by the Brillouin function 
with a certain J value, e.g., the mean field approximation and it helps the 
quantitative discussion on the J value. The analysis using the Brillouin 
function gives the high J value to reproduce the results, above 10, as 
observed in some ferromagnets [52-54]. The large J does not literally 
indicate the giant magnetic moment because this analysis is based on the 
one-body model and some various mechanism such as the spin-wave 
excitation are not considered. Besides, for the ferrimagnets, the tem
perature dependence MS of each sublattice gives the complex tempera
ture dependence of the total MS [55]. Instead, we evaluate the magnetic 

moment per Cr by use of the XMCD for some films showing the spon
taneous magnetization. For the XMCD measurements, the Pt(2 
nm)/(Cr1-xAlx)2O3 bilayer was used to ensure the surface conductivity to 
allow the TEY method. We confirmed that these films showed the similar 
magnetic properties to the mainly used films. Fig. 5(a) shows the XAS 
around the Cr L2,3 edges for the films with x = 0.00 and 0.21. The latter 
film has the high Al composition and show the high MS (~125 kA/m at 
10 K). The shape of XAS is similar to that for the pure Cr2O3 [56] 
indicating that the valence state of Cr is maintained, e.g., Cr3+. This is 
reasonable because the valence state of Cr and Al in the thermody
namically equilibrium oxide are both trivalent, and the Al substation 
does not alter the valence state of Cr. Fig. 5(b) shows the XMCD spectra 
for the film with x = 0.00 – 0.21.The film with x = 0.00, the pure Cr2O3 
does not show the appreciable XMCD signal due to the AFM nature 
whereas the sizable XMCD intensity is observed for the films with x =
0.02 – 0.21, indicating the presence of the uncompensated Cr moment. 
The shape of XMCD spectra is similar to the previous reports for the pure 
Cr2O3 [57,58]. Besides, the spectrum shape is common to every x except 
for x = 0.00, suggesting that the ligand field on Cr3+ is unchanged upon 
the Al substitution. The magnitude of the XMCD signal increases with 
increasing x, accompanied with the increase of the MS value shown in 
Fig. 2. The sum-rule analysis [59,60] with the spin correction factor [61] 

(a) (b)

Fig. 3. (a) Magnetization curves of (Cr0.85Al0.15)2O3 film grown on α-Al2O3(0001) substrate. The thickness of the film t was varied from 20 nm to 178 nm. The 
vertical axis is shown as the areal magnetization, M⋅t, (b) Thickness dependence of the areal saturation magnetization. The gray line represents the linearly 
fitted result. 

(a) (b)

Fig. 4. (a) Temperature dependence of remanent magnetization of (Cr1-xAlx)2O3 film grown on α-Al2O3(0001) substrate. (b) Al composition dependence of Néel 
temperature TN and Curie temperature TC. Closed circles represent TC determined by the M-T curve and open circles represent the TN and TC determined by the AHE 
measurements for the films with x = 0.00 [47] and 0.04 [48]. 
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gives the effective spin magnetic moment ms_eff and the orbital magnetic 
moment morb per Cr3+. For instance, ms_eff and morb for the film with x =
0.21 are 0.31±0.02 μB and 0.01±0.02 μB, respectively. The total mag
netic moment per Cr is about 0.32 μB/Cr. Although the TEY method is 
sensitive to the surface region, the obtained value is significantly lower 
than the value assuming that the induced MS is fully localized at the 
surface, discussed above. Fig. 5(c) plots the total magnetic moment, mtot 
= ms_eff + morb and the magnetic moment per Cr determined by the 
SQUID measurements as a function of Al composition. The magnetic 
moments estimated from two distinct techniques show the good 
matching. These results indicate that the induced finite magnetization is 
relevant to the amount of the uncompensated moment and that the 
uncompensated moment is distributed in the whole film. Besides, since 
the XMCD is element-specific and the SQUID detects the total magnetic 
moment in the whole film, the good matching indicates that the induced 
spontaneous magnetization fully relies on Cr. The absence of the mag
netic moments in Al3+ and O2− is simply anticipated from the outermost 
shell of these two species; the outermost shell of these elements is (2p)6, 
a closed shell giving the zero magnetic moment. The valence state of Al 
was confirmed by the XAS at the Al K edge, and it is discussed in the 
supplementary information. 

3.2. Relationship between the induction of spontaneous magnetization 
and the crystal formation 

We identify the reason for the steep decrease in MS for x > 0.21 
shown in Fig. 2(f) in association with the change in the crystalline 
quality of the film. Fig. 6(a)–(f) show the [1120]substrate-azimuthal 
RHEED images for the surface of the (Cr1-xAlx)2O3 film with x = 0.00 – 
0.23. For x below 0.19 (Fig. 6(a)–(e)), the streaks with the elongated 
spots are observed showing the crystal formation. The observed patterns 
are indexed by the corundum (0001) with the twin boundary along 
[1120]. In contrast, no diffraction spots or streaks are observed in the 
RHEED pattern for the film with x = 0.23 but the diffuse pattern is 
obtained. The diffuse pattern indicates that the film is amorphous, or the 
crystallite size is much smaller than the coherence length of the electron 
beam. Fig. 7(a) and (b) shows the XRD profiles, 2θ/ω and 2θχ/ϕ profiles 
for the films with various x. The diffraction peaks nearby Cr2O3 0006 
and Cr2O3 00012 in the 2θ/ω profiles, and those nearby the Cr2O3 3030 
in the 2θχ/ϕ profiles are observed in agreement with the RHEED pattern. 
The diffraction peak position shifts to the high angle with increasing x, 
indicating the shrink of both a- and c-axis lengths (see also Fig. 7(c) and 
(d) below). For x > 0.23, the diffraction intensity decreases due to the 
degradation of the crystal formation. It is notable that the steep decrease 
in MS (Fig. 2(f)) is associated with the degradation of the XRD profile, 
and thus, the crystal formation. The weak but finite diffraction in the 2θ/ 

(a)

(b)

(c) T = 80 K

Fig. 5. (a) XAS for the films with x = 0.00, e.g., the pure Cr2O3 (black) and 0.21 (purple). (b) XMCD spectra measured at μ0H = 1.9 T for the films with x = 0.00 – 
0.21. Measurement temperature was 80 K. (c) x-dependence of magnetic moment per Cr estimated from XMCD (open red circle) and SQUID (open black circle) 
measurements, respectively. Inset shows the relation between the total magnetic moment per Cr determined by XMCD and SQUID measurements. Error bar in 
magnetic moment by the XMCD measurements mainly comes from the finite offset when the absorption signals for the opposite circular helicities are subtracted. 

Fig. 6. [1120]substrate-azimuthal RHEED images of (Cr1-xAlx)2O3 film grown on α-Al2O3(0001) substrate. Al composition x is (a) 0.00, (b) 0.06, (c) 0.09, (d) 0.15, (e) 
0.19 and (f) 0.23. 
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ω profiles are observed for x = 0.23 and 0.25 due to the partial crys
tallization beneath the surface, which would occur during the high 
temperature growth, 773 K. The broad peak around 2θ/ω = 38◦ appear 
for these films suggesting the formation of the amorphous, which agrees 
with the diffuse RHEED patterns. The degradation of the crystal for
mation in the x regime above 0.21 is probably because the crystalliza
tion temperature of Al2O3 is much higher than Cr2O3 and 773 K is not 
sufficient to crystallize the film with the high x. Fig. 7(c) and (d) show 
the lattice parameters, a and c as a function of x, respectively. a and c 
almost linearly decrease with increasing x. The linear decreases in a and 

c agree with the previous report for the Cr2O3-Al2O3 solid solution [62, 
63]. The slopes of the a- and c-x relationships well matches with the 
simple interpolation using the lattice parameters of the bulk Al2O3 
[62-64]. 

Fig. 8(a) shows the XANES spectra around the Cr K edge. The photon 
energy at the absorption edge is 6.003 keV, in agreement with the re
ported value for the Cr2O3 [65]. The edge energy is maintained for every 
film indicating the valence state of Cr is maintained in Cr3+ upon the Al 
substitution in agreement with the above results. Fig. 8(b) shows the 
radial structure function obtained by Fourier transform of k3-weighted 

(a) (b)

(c)

(d)

Cr2O3 0006 Cr2O3 00012

q // [0001] q // [1010]

Cr2O3 3030

Fig. 7. (a) Out-of-plane (2θ/ω) and (b) in-plane (2θχ/ϕ) XRD profiles of (Cr1-xAlx)2O3 film grown on α-Al2O3(0001) substrate. Scattering vector q is parallel to (a) 
[0001] and (b) [1010] of substrate, respectively. Al composition dependence of lattice parameter, (c) a and (d) c. 

O2 O2 O2

O2
O2 O2

O1 O1

O1

Cr

Cr

(a) (b)

(c)
(d)

(e)

Fig. 8. (a) X-ray absorption spectra and (b) radial structure function around the Cr K edge. (c) Schematic drawing of the crystal structure of Cr2O3. Al composition 
dependence of (d) interatomic distance and (e) Debye-Waller factor for Cr–nearest neighbor O bonding shown in (c). (c) is drawn by VESTA. Error bars in d ad σ2 

mainly come from the fitting error using Artemis/Athena software [47]. 
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EXAFS spectra, k3χ(R). Although the overall shape of the EXAFS spectra 
is maintained for every x, the amplitude of k3χ(R) decreases for x > 0.23. 
In the corundum structure, there are two types of the Cr-O bonds, e,g., 
Cr-O1 and Cr-O2 as shown in Fig. 8(c). Since the bond length of these 
two bonds are very close, e.g., 2.0132 Å and 1.9644 Å for Cr-O1 and 
Cr-O2, respectively, it was difficult to distinguish in the analysis with a 
sufficient accuracy. We treated O1 and O2 as the type O with the six 
coordination as treated in the previous reports [66]. In the analysis, we 
evaluated the mean Cr-O bond length d and the Debye-Waller factor σ2 

relevant to the degradation of the crystal formation. On the evaluation, 
the value of amplitude reduction factor, S0

2 and the parameter E0 was 
determined from the pure Cr2O3 as 0.86 and 2.23 eV, respectively, and 
kept same for all fittings. The k-range for the Fourier transformation was 
3 – 14 Å− 1 and the R range for the fitting was 1 – 2 Å. Fig. 8(d) and (e) 
plot the d and σ2 values as a function of x, respectively. The d value 
shows the slight decrease or is almost constant with increasing x, which 
implies that the local environment of Cr is robust against the Al doping. 
The σ2 value, a measure of the disorder around the target element, is 
almost constant at 0.0033 for x < 0.19 whereas it increases for x > 0.23. 
The increase of σ2 is also consistent with the degradation of the crystal 
formation for x > 0.23, i.e., the influence of the amorphous phase [67], 
accompanying with the decrease of MS. 

3.3. Growth-associated mechanism of the spontaneous magnetization 

Prior to get into the mechanism of the spontaneous magnetization, 
we shortly summarize the above results shown in Sections 3.1 and 3.2: 
(1) The magnitude of MS increases with increasing x. The induction of 
the spontaneous magnetization is highly associated with the crystalli
zation of the film. (2) In the crystallized film, the crystal structure is 
maintained. The lattice parameters show the monotonic decrease with 
increasing x, and the valence state of Al was trivalent (see supplemen
tary information), suggesting that Al substitutes the Cr site. Upon 
substituting Cr with Al and consequently inducing the spontaneous 
magnetization, the valence state and the ligand field of Cr3+ are 
unchanged. 

If the Al substitutes the Cr site randomly as in the case of the Cr2O3- 
Al2O3 solid solution, the number of magnetic moments having up and 
down orientation is same, and the numerical imbalance of the opposite 
magnetic moments is still zero. Eventually, the spontaneous magneti
zation is not induced. Indeed, the Al 5at% doped Cr2O3 sintered powder 
does show no appreciable magnetization (supplementary information). 
Therefore, we suppose the mechanism to induce the spontaneous 
magnetization to meet the above experimental results: the sublattice- 

selective substitution of Al. Fig. 9 shows the crystal structure of Cr2O3 
with the magnetic moments [68]. The magnetic moments align 
up-down-up-down… along the c-axis. When Al substitutes selectively 
“down” sites, the upward magnetic moments numerically superior giv
ing rise to the finite spontaneous magnetization. However, there is no 
such ordered phase in the Al2O3–Cr2O3 equilibrium phase diagram [69]. 
Besides, the annealing for the amorphous or the sintering for the mixed 
powder would yield the random substitution as Refs. [62] and [63] and 
Supplementary Fig. S2 suggested. Therefore, some kind of special sub
stitution process should be involved to form the above phase. According 
to the crystal structure, the stacking structure along the c-axis is Cr3+

(sublattice 1, upward magnetic moment)–O2− –Cr3+ (sublattice 2, 
downward magnetic moment)–O2− … Since the local environments of 
Cr3+ on the sublattices 1 and 2 are distinct at the topmost surface, the 
occupation energy of Al could be different for each sublattice and the 
sublattice-selective occupation is basically possible at the topmost sur
face. The site-dependent occupation energy in the vicinity of the 
topmost surface in the mixed oxide with corundum structure is theo
retically predicted [70], and the similar mechanism has been speculated 
for the Al and Ir-doped Cr2O3(0001) thin film by Nozaki et al. [43]. 
However, such ordered phase has not been identified by the structural 
investigation. The difficulty to identify such phase is partly due to the 
unchanging extinction rule for the X-ray diffraction upon the 
sublattice-selective substitution (for details, see supplementary mate
rials). We approach this issue by altering the growth direction taking 
advantage of the epitaxial growth. As shown in Fig. 9(a), the stacking 
structure normal to (0112) is also Cr3+ (sublattice 1)–O2− –Cr3+ (sub
lattice 2) although the magnetic moments tilt from the plane normal. 
The similar growth mechanism and the induction of the spontaneous 
magnetization are expected. In contrast, when we employ the (1120) 
growth wherein the stacking structure normal to the growth direction is 
Cr3+ (sublattices 1 and 2)–O2− – O2− –Cr3+ (sublattices 1 and 2) (Fig. 9 
(b)), the topmost surface is composed of two sublattices. Since the two 
sublattices energetically degenerate on this surface, Al would substitute 
equally in the two sublattices. The numerical imbalance of the magnetic 
moments does not occur in this case, and the spontaneous magnetization 
should not be induced. 

Fig. 10 shows the RHEED images, XRD profiles and cross-sectional 
STEM images of the (Cr1-xAlx)2O3 films with x ~0.13–0.14 grown on 
the α-Al2O3(0112) and the α-Al2O3(1120). For both films, the appear
ance of the diffraction spots in the RHEED images indicates the forma
tion of the crystal. The diffraction pattern is indexed by the corundum 
(0112) and (1120), respectively, indicating the epitaxial growth; 
(Cr1-xAlx)2O3(0112) and (Cr1-xAlx)2O3(1120), respectively (hereafter, 

Fig. 9. Schematic drawing of (a) [2110] projected and (b) [1100] projected atom arrangement of Cr2O3. Blue and gray circles represent Cr3+ and O2− , respectively. 
Orange and red arrow represents the upward and downward magnetic moments. 
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Fig. 10. (a), (b) RHEED image (c), (d) XRD profiles and (e), (f) cross-sectional STEM images for the (Cr1-xAlx)2O3 films with x = 0.13±0.01. (a), (c), (e) are results for 
the film grown on α-Al2O3(0112) and (b), (d), (f) are results for the film grown on α-Al2O3(1120). Closed circles and * reprent the diffraction from the film and the 
substrate, respectively. 

Fig. 11. Magnetization curves measured at 10 K for the (Cr1-xAlx)2O3 films with x = 0.13±0.01. (a) and (b) are results for the film grown on α-Al2O3(0112) and 
α-Al2O3(1120), respectively. Right images on each M-H loops represents the schematic drawing of the crystal structure with the applied magnetic field direction. 
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denoted as r-film and a-film, respectively). In particular, the RHEED 
pattern for the r-film (Fig. 10(a)) is asymmetric with respect to (00) 
streak, indicating the formation of the single-crystalline film. In the XRD 
profiles with q // surface normal (Fig. 10(c) and (d)), the diffraction 
peaks from the intended planes are only observed.; for the r-film, the 
diffractions from (Cr1-xAlx)2O3(0112), (0224), (0336), and (0448) are 
observed, and for the a-film, the diffractions from (Cr1-xAlx)2O3(1120) 
and (2240) are observed, except for the diffraction from the substrate 
(shown by *). Fig. 10(e) and (f) show the cross-sectional STEM images 
for the r- and a-films, respectively. In the STEM image for the r-film, the 
tilted dumbbell structure depicted in Fig. 9(a) is resolved indicating that 
the supposed layered structure by the magnetic sublattice is formed. In 
contrast, the cross-sectional image (Fig. 10(f)) for the a-film shows the 
simple periodic structure, and the dumbbell structure could not be 
resolved in the ADF image due to the very close lateral atom position 
(38pm) on the sublattice as depicted in Fig. 9(b). One may wonder that 
when the STEM observation with the orthogonal incidence would 
resolve the dumbbell structure. Although this is the case with the 
[0001]-azimuth, the dumbbell structure is not formed along this inci
dence and the magnetic sublattices are not resolved because two mag
netic sublattices lie on the same line along [0001]. (see also Fig. 9 and 
supplementary materials). 

Fig. 11 shows the M-H curves measured at 10 K for two types of films. 
The r-film shows the hysteresis indicating the emergence of the spon
taneous magnetization (Fig. 11(a)). The shape of the M-H changes with 
the applied field direction due to the magnetic anisotropy. For the 
applied field direction is 90◦ from [2110] lying on the film plane, the 

loop is nearly the square, whereas the loop becomes gradual for the 
applied field direction parallel to [2110]. The loops along [0112] is 
intermediate between two loops. The difference in the loop shape is 
attributed to the magnetocrystalline anisotropy of Cr2O3 with the 
magnetic easy axis parallel to c-axes, [0001] [68]. The green curve for H 
⊥ [2110] lying on the film plane is closest to [0001] among three di
rections, whereas the blue curve for H // [2110] is farthest from [0001]. 
This is relevant to the demagnetizing energy much lower than the 
magnetocrystalline anisotropy energy in consistent with the case of the 
(Cr1-xAlx)2O3(0001) film (hereafter, denoted as c-film) shown in Section 
3.1. In contrast, no appreciable magnetization was observed in the 
a-film in any applied field direction (Fig. 11(b)). The absence of the 
spontaneous magnetization is consistent with the above prediction. 

We verify the sublattice-selective substitution by the direct obser
vation using the ADF-STEM.Fig. 12 shows the atomic resolution cross- 
sectional ADF images, the line profile of contrast and the schematic 
drawing of the atom arrangement projected from the zone-axis. The 
clear twin boundary along the vertical direction is observed in the c-film 
(Fig. 12(a)), in agreement with the RHEED observation. In the ADF 
images, the atom pairs corresponding to the sublattice shown by the 
dotted square are observed. Cr and Al in the atom pair could be distin
guished by the Z-contrast, ∝ Zα with α (~1 - 2) due to the Rutherford 
scattering [71-73]. The line profiles (Fig. 12(b) and (c)) in the yellow 
squares, corresponding to the colored band in Fig. 11(d), show two types 
of amplitude in the intensity. Besides, the relationship of the bright/dark 
contrast is same in the different atom pair: blight left and dark right in 
Fig. 12(b). This relationship of the brightness is reversed in another twin 

Fig. 12. (a) Cross-sectional STEM images, (b), (c) the line profiles marked in the image, (d) schematic drawing of the projected atom arrangement with spin 
alignment and (e) histogram of the contrast ratio defined by top-atom/bottom-atom in one atom-pair. The results are for (Cr1-xAlx)2O3(0001) films with x = 0.13. The 
red line in (e) represents the fitted results assuming the normal distribution. 
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domain; dark left and blight light in Fig. 12(c). For both twin domains, 
the lower atom in the atom pair is selectively substituted by Al. To 
further evaluate the site-selective substitution of Al, we analyzed the 
contrast ratio for over 200 atom pairs. Fig. 12(e) shows the histogram of 
the contrast ratio. The contrast ratio is defined as the top/bottom atoms 
in one atom pair. The mean value of the constant ratio is 1.16. The 
deviation form 1 is of particularly important because it indicates that the 
different species selectively occupy the one-side in the atom-pair.; In our 
case, the heavy atom, e.g., Cr selectively occupies the top site. 

One may assume that the quantitative analysis of the Z-contrast gives 
the average composition on each site and resultantly, the imperfection of 
the sublattice-selective substitution which is associated with the MS 
value. However, the thickness effect on α hampers the quantitative 
analysis of the Z-contrast [71]. (see also Supplementary materials) 
Alternatively, we analyze the incorrect occupation of Al by analyzing the 
x-dependence of MS shown in Fig. 2(f). We suppose that the nonmag
netic Al preferentially occupies one magnetic sublattice and the part of 
the population occupies another magnetic sublattice. Denoting the 
incorrect occupation ratio of Al as y, y = 0 (a perfect selection) and 1(a 
random substitution), the induced saturation magnetization is derived 
as 

MS(x) =
N⋅mCr

V(x)
x(1 − y) (1) 

N is the number of Cr atom in the unit cell, mCr is the magnetic 
moment per Cr, 2.48 μB [49], x (= 0 – 0.5) is the Al composition, and V 
(x) is the unit cell volume. Taking a hexagonal unit cell, N = 12, V(x) is 
calculated using the lattice parameters which depend on x by the 
Vegard’s law (see Fig. 7(c) and (d)). Assuming the perfect selection of 
the magnetic sublattice, i.e., y = 0, the calculated curve (the gray dotted 
line in Fig. 2(f)) represents the trend of the MS value, whereas the 
experimental value shows the lower deviation which is significant for x 
> 0.1. Assuming that y is independent of x, eq. (2) with y = 0.36 well 
reproduces the experimental MS-x relationship (the red dotted line in 
Fig. 2(f)). The incorrect occupation can occur in the high temperature 
growth, for example, by the Boltzmann distribution of the occupation 
energy on each site. 

4. Summary 

We investigated the Al-doped Cr2O3 thin film exhibiting the spon
taneous magnetization, as the class of ME ferrimagnetic insulator. The 
(Cr1-xAlx)2O3 films grown on α-Al2O3(0001) substrates showed the 
spontaneous magnetization. The magnitude of MS increased linearly 
with increasing x below 0.21. The M–T curve, the TC–x relationship, the 
XAS/XMCD spectra and the averaged magnetic moment per Cr suggests 
that the ligand field on Cr is maintained upon inducing the spontaneous 
magnetization. The MS value abruptly decreases for x > 0.21, which is 
associated with the degradation of the crystal formation. The lattice 
parameters, the mean Cr-O bond length suggested that the Al substituted 
the Cr site. Since the random substation of Al does not give rise to the 
finite spontaneous magnetization, the special substitution mechanism 
such as the magnetic sublattice-selective substitution would be involved 
in the growth process. We prove this mechanism by using the 
(Cr1-xAlx)2O3(0112) and (Cr1-xAlx)2O3(1120) films; the former showed 
the spontaneous magnetization whereas the latter did not. The layer-by- 
layer stacking structure by the magnetic sublattice would generate the 
different occupation energy of Al at the topmost surface, which would 
yield the sublattice-selective substitution during the thin film growth. 
We observed this specific substation directly by the STEM observations. 

Our investigation demonstrated that the specific substitution 
occurred associated with the thin film growth process along the proper 
growth direction. The selective substitution is relevant to the magnetic 
sublattice, yielded the numerical imbalance of the magnetic moments, 
and consequently, induced the finite spontaneous magnetization in the 

AFM insulator. The demonstrated fabrication process is distinct from the 
process based on the metallurgical approach based on the thermal 
treatment and will be applicable in various oxide materials, which ex
pands a material choice of the ME insulator as well as the oxide ferri
magnetic materials. 
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