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The different magnetic behaviors of LaCoO3 films grown on LaAlO3 and SrTiO3 substrates are related 
to the Co–O–Co bond angles and the constraints imposed on the Co–O bond lengths by the substrate 
geometries. The observed magnetic behavior is not consistent with ferromagnetism. Rather, long-
range antiferromagnetic order occurs below T ≈ 90 K when the Co–O–Co bond angle is greater than 
163◦ , consistent with the behavior of bulk and nanoparticles forms of LaCoO3 . A LaAlO3 substrate 
prevents magnetic long-range order at low temperatures near the film–substrate interface and collinear 
antiferromagnetic sublattices away from the interface. At low temperatures, the antiferromagnetically 
ordered sublattices are non-collinear in films grown on SrTiO3 substrates, leading to a significant net 
moment. The net moment is controlled by the geometry imposed by the substrate upon which the LaCO3 
film is grown.

Introduction
LaCoO3 (LCO) in bulk crystalline form exhibits a small 
net moment below a temperature of T ≈ 89 K. The moment 
arises from an asymmetry of the antiferromagnetic sublat-
tices induced by the structural geometry at twin plane inter-
faces along (100) pseudocubic planes of the lattice [1]. Away 
from the twin boundaries, for temperatures above 100 K, fits 
to Curie–Weiss behavior indicate antiferromagnetic interac-
tions [2], with θCW ≈ −182(4) K, between atomic moments of 
3.45(2) µB , yet bulk LCO does not order antiferromagnetically 
at low temperatures because the thermally activated interactions 
are reduced as T decreases before the transition can take place. 
The strength of the magnetic interactions has been correlated 
with the angle of tilt between adjacent oxygen octahedra sur-
rounding Co ions, given by the Co–O–Co bond angle. As the 
temperature decreases toward T = 40 K, the average magnetic 
interaction weakens as the Co–O–Co angle decreases toward 
a critical angle of 163◦ [2–5]. The critical angle of 163◦ found 
experimentally is consistent with results from generalized gra-
dient approximation calculations [6]. When the temperature is 
below T = 40 K, the angle no longer changes and the interaction 
strength is insufficient to support ordering. The magnetic state 

is thermally activated above T = 40 K [3, 6]. This mechanism 
does not rely on proposed [7] thermally excited intermediate 
spin-state ( t52 g e1g ) transitions that could become possible with 
Jahn–Teller-like distortions of Co–O bonds in the oxygen octa-
hedra; neutron scattering and extended x-ray absorption fine 
structure (EXAFS) studies found no significant evidence of the 
necessary distortion of the octahedra in bulk or nanoparticle 
forms of LCO [8, 9].

The correlation between the behavior of antiferromagnetism 
and the Co–O–Co angle applies consistently for bulk and nano-
particle forms of LCO [1–5], but the magnetization of thin-film 
samples has not previously been examined in that context. Here 
we show evidence that this correlation does hold in films, even 
though the film geometries are distorted by the strain from the 
substrates upon which they are grown. We also show evidence 
that the behaviors of LCO thin films grown on SrTiO3 (STO) 
and on LaAlO3 (LAO) are consistent with antiferromagnetism, 
but not ferromagnetism. The geometric influences of the sub-
strates give a common basis for understanding why strikingly 
different magnetic behaviors appear under different strain con-
ditions and why they can be influenced in the case of SrTiO3 
substrates [10].

http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-023-00957-3&domain=pdf
http://orcid.org/0000-0001-8423-5138
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A large number of studies have addressed the magnetic 
behavior of LCO films on STO and LAO substrates [11–28]. 
A common assumption for many studies of LCO films on STO 
substrates, in which a net spontaneous moment occurs, has been 
that the interactions in the film are ferromagnetic. Likewise, 
it has often been stated that LCO films on LAO substrates are 
paramagnetic. No model has been developed that adequately 
explains why ferromagnetic interactions would appear in LCO 
films on STO substrates, but not on LAO substrates and not in 
bulk or nanoparticle forms of LCO. One of the striking charac-
teristics of LCO films, as well as bulk and nanoparticle forms of 
LCO, is that long-range order, if present, tends to occur within 
the temperature range of 65 < T < 90 K. This suggests a com-
mon interaction, likely antiferromagnetic as they are in other 
forms of LCO, regardless of whether a net moment appears. 
Here we show, using magnetometry and structural data, that 
the films behave in ways consistent with bulk LCO in that the 
interactions are antiferromagnetic, but only when the Co–O–Co 
bond angles are greater than approximately 163◦ . We also show 
that their behavior is not consistent with ferromagnetic interac-
tions. Instead, the STO substrates strain the LCO films in a way 
that induces a net moment via antiferromagnetic sublattices that 
are non-collinear. In contrast, close to the interfaces of LCO 
films with LAO substrates, magnetic interactions for bonds in 
planes parallel to the interfaces are suppressed and no magnetic 
long-range order takes place at low temperatures. Further from 
the LCO/LAO interface, the LCO lattice relaxes toward the bulk 
LCO structure and this allows ordering with antiferromagnetic 
collinear sublattices, resulting in no net moment. In the geo-
metric interpretation, it is the substrate strain that controls 
the appearance of the net moment in LCO films through non-
collinear alignment of antiferromagnetic sublattices, not the 
appearance of ferromagnetic interactions. Switching between a 
state with no net magnetic moment to one that has a significant 
net moment, as has been observed in devices [10], is controlled 
by the nature and size of the strain imposed by the substrate. 
This geometric interpretation correlating the Co–O–Co angle 
to the appearance of a net moment is based on data obtained 
from x-ray scattering and magnetometry measurements of thin 
LCO films.

Results and discussion
Sample structure

X-ray diffraction and synchrotron spectra for a 25.7-nm-thick 
LCO film on STO and a 26-nm-thick film on LAO are shown in 
Fig. 1(a) and (b), respectively. The synchrotron data are of higher 
resolution and show interference peaks clearly. The shift in the 
Bragg peak position of the films relative to bulk LCO (verti-
cal solid line) corresponds to a change in c lattice parameter 

originating from the tensile strain on the LCO film parallel to 
the substrate induced by STO and compression parallel to the 
substrate induced by LAO. X-ray diffraction spectra for three 
of the films with different film thicknesses grown on STO sub-
strates are shown in Fig. 2(a) and Fig. S1 (Supplementary Mate-
rial). The spectra show a progressive shift in the LCO (003) 
peak position toward the left side of the figure due to the partial 
lattice relaxation with increased film thickness. The 25.7-nm 
film shows a split in the peak corresponding to the relaxed and 
strained portions of the film. The reciprocal space map of the 
(103) reflection indicated that the film was lattice matched with 
the substrate (see Fig. S2 in the Supplementary Material). AFM 
images of LCO films on STO are shown in Fig. S3 (Supplemen-
tary Material). For thinner films the atomically smooth terraces 
of the substrate were evident on the film surface, but as the films 

Figure 1:  X-ray diffraction (XRD) and high-resolution synchrotron spectra 
(SSRF) for a 25.7-nm-thick LCO film on STO (001) (a) and a 26-nm-thick 
film on LAO (001) (b). The orange solid lines represent the bulk peak 
position.
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became thicker, the surface roughness increased and topogra-
phy became more granular. Films grown on LAO, which have a 
relatively smaller film–substrate lattice mismatch, on the other 
hand, showed a smaller peak shift with increased film thickness 
[Fig. 2(b)]. Peak splitting for the thicker films was observed due 
to the lattice relaxation, similarly to the film grown on STO.

The thickness of the films calculated from x-ray reflectiv-
ity (Fig. S4, Supplementary Material) and synchrotron spectra 
is listed in Table 1. The thickness values calculated from syn-
chrotron data (using the Laue fringes visible around the Bragg 
peak) are consistently smaller than those calculated from x-ray 
reflectivity because the x-ray diffraction data are sensitive to 

the crystalline coherence length, whereas the reflectivity is not 
sensitive to the crystallinity, but rather only to surface and inter-
face roughness. It is worth noting that the beam used at the 
synchrotron consists of a spot approximately 500 µ m in diam-
eter, which is smaller than the ≈ 5× 1 mm2 beam used in the 
traditional x-ray diffractometer, and this is why the fringes are 
better defined in the synchrotron measurements.

The room-temperature c and a lattice parameters of all of 
the LCO films on LAO and STO substrates are also listed in 
Table 1. The c lattice parameters are calculated using x-ray Bragg 
diffraction peaks. The values for the a lattice parameters shown 
are the well-known values of the substrates. The assumption that 
the in-plane lattice constants conform to the substrate may not 
be true for the entire thickness of the 26.0- and 67.7-nm films on 
LAO due to the presence of the relaxed phase peak in Fig. 2; in 
those two cases, the upper portion of the film relaxes at a critical 
thickness greater than 14.7 nm to the bulk lattice constant. It 
is the pseudo-relaxed portion of the film which is responsible 
for the antiferromagnetic behavior; the small amount of strain 
remaining is enough to create a bond angle greater than the 
critical value of 163◦ . The truly bulk behavior is approached 
probably exponentially with thickness, so it might take a film 
thicker than 100 nm, or perhaps 500 nm, to achieve the fully 
collinear antiferromagnetic arrangement of bulk LCO.

Temperature dependence

As a result of the small volume of the LCO film relative to that of 
the substrate, the significant diamagnetic contribution present 
in the magnetometry data of the combined film and substrate 
must be carefully accounted for in the analysis of the LCO film 
magnetic behavior. To accomplish this, after measurements on 

Figure 2:  (a) X-ray diffraction spectra measured for LCO films on STO 
substrates. The gray-dashed line is a visual guide for the shift in the film 
peak position with increasing film thickness. The shift corresponds to the 
different strain states in the film. (b) X-ray diffraction spectra measured 
from LCO films grown on LAO substrates. The two dashed lines indicate 
the peak positions of the strained (left) and relaxed part of the film in 
thicker films. The solid curves are Gaussian fits to the LCO peaks.

TABLE 1:  LCO films on LAO and STO substrates including film thicknesses 
determined from x-ray reflectivity (tXRR ) and synchrotron x-ray diffraction 
(tSSRF ) and room-temperature c and a lattice parameters.

*Second peak of 67.5-nm film.

**LCO/STO multilayer film.

The values of a correspond to the in-plane lattice constants of the 
substrate. Uncertainties of the last digit are in parentheses.

Substrate tXRR (nm) tSSRF (nm) c (Å) a (Å) c/a

LAO 11.5 (2) – 3.877 (8) 3.791 1.023 (2)

LAO 14.7 (3) 10.4 (28) 3.865 (6) 3.791 1.022 (2)

LAO 26.0 (2) 23.0 (20) 3.868 (7) 3.791 1.020 (2)

LAO 67.5 (4) – 3.846 (4) 3.791 1.015 (1)

LAO 67.5 (4)* – 3.818 (5) – –

STO 7.8 (3) 6.0 (3) 3.763 (8) 3.905 0.964 (1)

STO 10.3 (5) – 3.773 (5) 3.905 0.966 (1)

STO 22.3 (3) – 3.787 (1) 3.905 0.970 (1)

STO 25.7 (2) 19.1 (16) 3.786 (3) 3.905 0.970 (1)

LAO 40.7 (10)** – 3.789 (9) – –
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an LCO film on the substrate, the film was etched off chemi-
cally by dipping the sample into aqua regia, as discussed in the 
Method section, and the magnetic measurements were repeated 
on the substrate with both field orientations and identical meas-
urement conditions.

To analyze the magnetic behavior of the films over the wide 
temperature range 5 < T < 320 K, it works well to subtract the 
magnetic substrate signal by simply subtracting the substrate 
magnetic data directly. To analyze the LCO film magnetism 
on STO substrates well above the transition, where the signal 
is relatively weak, we used the fits to the substrate data and 
subtracted them from the data taken with the films on the 
substrates. For 22.3- and 25.7-nm films on STO, data taken 
under conditions of high thermal stability fit well to a Curie-
like dependence plus a constant, given by

over the range 90 < T < 320 K, where C is a constant, �CW is 
the Curie–Weiss temperature, and B is a constant background. 
The fits for the substrate-only data were carried out with 
�CW = 0 . Using these fits to analyze the film magnetism over 
this temperature range yielded essentially the same results as 
when the substrate were directly subtracted from the substrate 
data, but using the fits resulted in slightly less noise and a smaller 
residual background. For LCO films on LAO, even with high 
thermal stability, we simply subtracted the substrate data directly 
over this range because we could not obtain fits to a critical 
behavior as a function of T for T < TN given by

where TN is the critical transition temperature and B is a con-
stant background, without adding at least one additional fitting 
parameter, such as a linear term proportional to T. However, 
doing so resulted in error estimates for TN and B that were so 
large that the fits were deemed not to be meaningful.

The magnetic behavior of the 67.5-nm film, after subtract-
ing the signal from the LAO substrate, is shown in Fig. 3(a) for 
5 < T < 320 K and µ0H = 100 mT, with the field applied in the 
plane of the substrate and perpendicular to it. For this sample, 
particular attention was paid to the thermal stability while tak-
ing data in order to characterize the small signal for T > 100 K 
using Eq. 1, but no credible fits were possible. The magnetiza-
tion is weak and the Curie–Weiss temperature is negative, so 
the signal has little variation with temperature over the fitting 
range; the Curie–Weiss temperature is highly correlated with the 
constant background in the fits, leading to very large parameter 
uncertainties. Below T ≈ 100 K, a small moment appears which 
is approximately twice as large in the in-plane measurements. 
The data do not follow critical behavior expected for an order 
parameter conjugate to the applied field close to the transition 

(1)
M

H
=

C

(T −�CW )
+ B,

(2)M = A(TN − T)β + B,, temperature TN given by Eq. 2, but rather indicate a spin-flop-
like signal associated with antiferromagnetic ordering below 
TN ≈ 90 K. Such behavior is to be expected for antiferromag-
netic order in small applied fields when there is small or negative 
uniaxial or cubic anisotropy [1]. In contrast to bulk LCO, how-
ever, the LCO film magnetic interactions extend to low tempera-
tures. We conclude that the moments form two sublattices that 
order collinearly. The transition temperature is consistent with 
the size of the magnetic moments and the interaction strength 
found in bulk LCO at temperatures between 150 K and room 
temperature and at all temperatures below room temperature in 
LCO nanoparticles [1–5].

Figure  3 demonstrates the effect of reducing the film 
thickness. For a 26-nm-thick film [Fig. 3(b)], the spin-flop-like 
signal is still apparent, but the magnetic signal per Co ion is 
reduced relative to the 67.5-nm film. With a further reduction 
to a thickness of 14.7 nm [Fig. 3(c)], there is no evidence of spin-
flop ordering. Although the thermal stability was not as high, so 
the substrate background data are not as accurately subtracted 
as for the 67.5-nm sample, the decrease in ordering with thinner 
films is apparent.

Figure 3:  Magnetization M as a function of temperature T for films grown 
on LAO in an external field µ0H = 100 mT after subtracting the signal 
from the substrate. The films were (a) 67.5 nm, (b) 26.0 nm, and (c) 
14.7 nm thick.
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The behavior of LCO films on STO substrates contrasts that 
of LCO films on LAO substrates. Figure 4 shows data from four 
LCO films with thicknesses 7.8, 10.3, 22.3, and 25.7 nm with 
the field in the plane of the film and perpendicular to it. As 
discussed above, the significant non-magnetic background must 
be subtracted over the 5 < T < 100 K temperature range shown 
in the figure. We first compensated for most of the background 
by subtracting the substrate data directly from the film plus 
substrate data. Because this left a small background that varied 
from sample to sample, the data were shifted vertically to 
ensure they passed through zero at T = 100 K, so the resulting 
plots mostly represent the magnetic ordering. The measured 
magnetization perpendicular to the films is much smaller 
than in the plane and could simply be a result of imperfect 
alignment of the film with the film with the field or slight 
amount of film disorder. A small sample-to-sample variation 
in the magnetization, on the other hand, is probably due to the 
shape anisotropy field of the thin-film geometry as discussed 
in Ref. [29].

For the in-plane signal, M vs. T is shown in Fig. 4 along with 
fits to Eq. 2. The order parameter critical exponent was fixed 
to the three-dimensional Heisenberg value of β = 0.37 and the 
other parameters were allowed to vary. The values of TN obtained 
from the fits are shown in the inset. The amplitudes vary some-
what. It has recently been shown that there can be effects at low 
temperature from crystal twins [13], but not near the transition 
temperature; the critical amplitudes might be more affected by 
slight disorder and initial cooling rates. The fits are reasonable, 
despite being done for temperatures 25 < T < TN − 0.4  K 
which include data likely well outside the asymptotic critical 

region. The compatibility with the three-dimensional Heisen-
berg critical exponent sharply contrasts the behavior found for 
bulk LCO, where β ≈ 0.7 resulting from surface ordering at twin 
interfaces [1, 5, 30, 31].

For temperatures above T = 100 K, the magnetic signal is 
too weak in the 10.3- and 7.8-nm films to allow reliable fits, 
but good fits were obtained for the 22.3- and 25.7-nm films. 
Excellent fits to Eq. 1 between T = 120 and 320 K were obtained 
for the two LCO films on STO after subtracting fits to the 
substrate data, as shown in Fig. 5(a) and (c). The same results are 
shown as 1/M vs. T in Fig. 5(b) and (d) to illustrate the straight 
line behavior at higher temperatures and the consistent behavior 
of the two samples. Values for the effective moment per Co ion, 
µeff  , in units of µB , the Bohr magneton, are calculated using

where kB is the Boltzmann’s constant and n is the number of 
Co atoms per unit volume. The parameters C and µeff  obtained 
from the fits (Table 2) are fairly consistent for the two samples 
and the two field orientations, and the values for µeff  are close 
to the value 3.45(2)µB obtained for bulk LCO [2]. The positive 
values of θCW are consistent with the ordering of a net moment; 
they do not necessarily indicate ferromagnetic interactions. In 
ferromagnetic materials, where the applied field is conjugate to 
the order, the Curie–Weiss parameter is positive and roughly 
reflects the net strength of the interactions and, thus, the tran-
sition temperature. The applied field normally does not couple 
directly to antiferromagnetic ordering and, consequently, the 
Curie–Weiss temperature is negative with a magnitude roughly 
corresponding to the transition temperature. However, when the 
magnetic moments in an antiferromagnetic materials are canted 
as a result of a structural distortion, the field does couple to the 
non-collinear antiferromagnetic ordering, and the Curie–Weiss 
temperature will exhibit a positive value with a magnitude 
reflecting the strength of the net antiferromagnetic interactions. 
Such is the case of a LCO thin film on a STO substrate. Good 
fits to the magnetization well above TN are possible in this case 
because the positive values of θCW result in a significant varia-
tion with temperature in the fitting region.

To explore whether the interface chemistry plays a role 
in the nature of the ordering and to see the effect of imposed 
lattice constraints intermediate to those imposed by the LAO 
and STO substrates, the M vs. T data of an epitaxial multi-
layer consisting of a 13.9-nm STO capping layer, a 40-nm LCO 
layer, a 37.8-nm STO layer, and a 9.4-nm LCO buffer layer 
grown on a LAO substrate were measured with an external 
field µ0H = 100 mT in the plane of the sample and perpen-
dicular to it. Although LCO interfaces directly with STO, but 
not LAO, there is no evidence of ordering involving a net 
moment, as shown in Fig. 6. The Bragg peak of the LAO is 

(3)µeff =

(

3kBC

nµ0µ
2
B

)1/2

,,

Figure 4:  Magnetization M as a function of temperature T for four LCO 
films on STO substrates measured in a magnetic field of µ0H = 100 mT. 
The upper data sets are for H in the plane of the film and the lower sets 
are for H perpendicular to the plane of the film. The data are adjusted 
vertically so that they pass through zero at T = 100 K. The curves are 
fitted to Eq. 2 over the range 25 < T < TN − 0.4 K, with β fixed to 3D 
Heisenberg value 0.37. The inset shows fitted values for TN as a function 
of film thickness.
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broad with a full width at half maximum of 1.2◦ (Fig. S5, Sup-
plementary Material), indicating a significant spread in c-axis 
lattice parameter values within the sample, but a fit to the peak 
position yields an average c-axis lattice parameter value inter-
mediate between the cases of LCO interfacing directly with 
LAO and interfacing with STO, as shown in Table 1. It appears 
that the operating influence on the LCO film is not the chem-
istry of the interface, but rather the degree of strain distorting 
the LCO lattice. This is consistent with the voltage-controlled 

Figure 5:  Magnetization M as a function of temperature T for the 22.3- and 25.7-nm-thick LCO films on STO substrates with an external field 
µ0H = 100 mT applied in-plane and out-of-plane of the sample. (a) Film data fitted to Eq. 1 after subtracting a fit of the substrate data to Eq. 1 for the 
22.3-nm film. (b) Inverse magnetization 1/M vs. T of the 22.3-nm film to illustrate the straight line behavior and positive Curie–Weiss temperature. 
Panels (c) and (d) are similar to panels (a) and (b) but correspond to the 25.7-nm-thick sample.

TABLE 2:  LCO/STO fit parameters and moments using Eq. 1.

Uncertainties in the last digit are in parenthesis.

Thickness (nm) Field orientation C (K) θCW (K) µeff (µB)

22.3 In-plane 0.247 (3) 74 (1) 3.33 (2)

Out of plane 0.23 (1) 56 (1) 3.18 (5)

25.7 In-plane 0.245 (4) 73 (1) 3.31 (3)

Out of plane 0.25 (1) 46 (2) 3.37 (8)

Figure 6:  Magnetization M as a function of temperature T for a LCO/
STO multilayer film with a top 13.9-nm STO layer, a 40.7-nm LCO layer, 
a 37.8-nm STO layer, and a 9.4-nm LCO layer on a LAO substrate with 
µ0H = 100 mT after subtracting the non-magnetic background by 
fitting the data for T > 150 K to Eq. 1. As discussed in the text, the LAO 
substrate has a complex temperature dependence which is further 
complicated by the STO layers and the STO/LAO interactions. However, 
it is clear that antiferromagnetic ordering takes place without a net 
moment and is stronger than the LCO films on LAO substrates.
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strain used to switch the net moment on and off in a LCO 
layer of a multilayer device [10].

Magnetic field dependence

The M vs. H behavior at T = 5 K for µ0H ≤ 7 T of two LCO 
films with thicknesses near 26 nm grown on a LAO substrate 
and 25.7-nm film grown on a STO substrate is compared in 
Fig. 7 after proper subtraction of background signals from the 
substrate. The film grown on LAO shows little hysteresis (small 
coercivity), consistent with ordering of collinear antiferromag-
netic lattices. The film grown on STO shows hysteresis below 
µ0H = 2 T, consistent with the observation of the net moment 
associated with canting of the antiferromagnetic ordering. The 
moments at higher fields are approximately the same for the two 
films. The moments at µ0H = 7 T are significantly smaller than 
the moments indicated by the Curie–Weiss fits to LCO on STO 
substrates, but the moments do not saturate at this field.

The field-dependent behavior of M vs. T was investigated 
for 0.05 < µ0H < 0.5 T. The background was subtracted as 
described earlier. A ferromagnetic material should exhibit 
rounding of the transition with increasing field. No such 
rounding is observed in LCO on STO substrates; the transi-
tion remains sharp as seen in Fig. 8(a) which shows the mag-
netic ordering below TN . The solid curves are fits to Eq. 2 using 
β = 0.37 for T between 30 K and TN for four field values. The 
value β = 0.37 was chosen because the exchange interaction is 
not strongly anisotropic (the anisotropic value β = 0.33 is not 
significantly different), but the fits are not strongly sensitive to 
small changes in the value. The fits work well for the range of T 
fitted, but the data fall significantly below the fits for T < 30 K. 
The magnetic net moment has two distinct contributions. The 
first is from the canted components of the moments that reflect 
the antiferromagnetic order critical behavior. The second is 

from the induced spin-flop moment that normally occurs even 
with collinear sublattices. The spin-flop component is expected 
to decrease at low T as the antiferromagnetic susceptibility 
decreases to zero. The fitted values of TN (H) are plotted versus 
H in Fig. 8(b) and the result is typical of a phase diagram near a 
bicritical or tetracritical point. Significantly, above a small value 
of H, TN increases with H, which is typical behavior expected 
for a nearly Heisenberg antiferromagnetic material just above 
the bicritical or tricritical point; such behavior would not be 
expected for either a ferromagnetic or an antiferromagnetic 
material with strongly anisotropic exchange interactions. The 
decrease in M at low temperatures and the increase of TN (H) 
with field strongly indicate that the system is a fairly isotropic 
exchange antiferromagnet with non-collinear sublattice mag-
netizations. The relatively weak anisotropy indicated by TN (H) 
in Fig. 8(b) is not compatible with a description of the large ani-
sotropy indicated by M vs. T for fields in the plane parallel to the 
substrate interface and perpendicular to it shown in Fig. 4. The 
anisotropy exhibited in that figure is, however, consistent with 
non-collinear antiferromagnetic sublattices with components of 
the moments in the plane parallel to the interface interacting 
with a nearly isotropic exchange interaction.

The field-dependent behavior above TN is shown in Fig. 8(c). 
The curves are fits to Curie–Weiss behavior. Normally, for small 
applied fields, the constant C is independent of the applied field 
H, which means that the magnetization M is proportional to H. 
However, this is not the case, as shown in Fig. 8(d). Corrections 
to the Curie–Weiss behavior at larger fields should go as 
(M/M0)

2 , where M0 is the maximum moment. The value of M0 
can be taken as the value of approximately 3µB from the fits 
at µ0H = 0.1 T (Table 2). Comparing this to the values of M 
in Fig. 8(c), it is clear that corrections to Curie–Weiss cannot 
explain the non-linearity in Fig. 8(d). However, the component 
of the moment in the plane of the substrate interface is partly 
a result of the distorted oxygen octahedral environment at 
each Co site, as discussed below. The size of the field-induced 
moment is influenced by the degree of canting of the moments 
caused by the non-cubic environment at each Co site and that 
geometric effect does not grow in proportion to the applied field.

The correlation between the Co–O–Co bond angle 
and the magnetization

Insight into the behavior of the LCO films can be gained by 
making comparisons to bulk LCO, where antiferromagnetic 
interactions are highly correlated with the Co–O–Co angle and 
are suppressed for angles below 163◦ . The experimental obser-
vations are consistent with calculations predicting the critical 
angle necessary for magnetic interactions [6]. Although that cor-
relation has not been calculated for the film environment where 
LCO is distorted by sublattice strain, from the observed behavior 

Figure 7:  Magnetization M as a function of the external field µ0H for a 
26.0-nm LCO film grown on a LAO substrate showing a small hysteresis 
and that of a 25.7-nm film grown on a STO substrate with a larger 
hysteresis (coercivity) plotted together for comparison.
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in films discussed below it appears that the general magnetic 
behavior approximately conforms to the same dependence of 
the magnetic interactions on the Co–O–Co angle.

Although the lattice parameters of the films have been 
measured only at room temperature, we can estimate the 
structure at low temperature assuming similar relative 
changes in the a and c pseudocubic lattice parameters upon 
cooling as observed in bulk LCO. LCO parameters shorten by 
approximately 1% (as do the parameters in LAO and STO [33, 
34]). The Co–O bond length in LCO shortens by approximately 
0.5% upon cooling from room temperature to low temperature. 
The most relevant effect of cooling from room temperature in 
bulk LCO is to reduce the Co–O–Co angle by about one degree, 
which is important because the bulk Co–O–Co angle at room 
temperature is near the critical value of 163◦ and it decreases to 
that critical value near T = 40 K.

Neutron and x-ray scattering and EXAFS spectroscopy tech-
niques have been used to study the details of the temperature 

dependence of the lattice parameters in bulk LCO [3, 9]. EXAFS 
data were also used to determine the Co–O bond length in LCO 
films on LAO and STO substrates [22] along directions parallel 
and perpendicular to the substrate interface. When possible, 
lattice parameters are most accurately determined using scatter-
ing techniques, but the amount of material in thin films makes 
an accurate determination of the Co–O bond length difficult. 
However, EXAFS spectroscopy has been used to accurately 
determine the ratio of the Co–O bond lengths that are approxi-
mately along the c-axis and a-axis. For LCO on LAO, the ratio 
of the Co–O bond length along the c-axis to that along a-axis is 
determined to be 1.003(4), which is close to unity, and the ratio 
for LCO on STO is 0.979(6), which significantly deviates from 
unity. Because the LCO films have the same chemical environ-
ment as bulk LCO, we assume in our discussion that the Co–O 
bond lengths in the films are only altered when necessary to 
conform to the lattice mismatch between the film and substrate.

Figure 8:  (a) Fits using Eq. 2 with β = 0.37 (solid curves) to the critical behavior of the magnetization M vs. temperature T data below the transition 
measured at different external fields µ0H (see legend) for the 25.7-nm LCO sample on STO. (b) The increase in TN(H) , determined from the fits in (a), 
with the application of relatively small fields is typical behavior of an antiferromagnetic material with nearly isotropic exchange interactions. The 
point of minimum TN near µ0H = 0.15 T can be bicritical or tetracritical, depending on the sign of the cubic anisotropy [32]. (c) Magnetization M vs. 
temperature T for T > TN with fits to Curie–Weiss behavior over the temperature range 82 < T < 300 K measured at different external fields µ0H (see 
legend) for the 25.7-nm LCO sample on STO. (d) The Curie–Weiss parameter C as a function of the external field H showing unusual nonlinear behavior 
despite the small-induced magnetization region. The green line is a linear fit to the data.
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We assume that the Co–O bond lengths for LCO films on 
LAO are close to the bulk LCO value of 1.924(2) Å at room 
temperature and 1.915(2) Å at low temperature obtained from 
other studies [2, 4, 8]. However, the average measured c lattice 
parameters for the film, listed in Table 1, is 3.87 Å, which is 
slightly larger than twice the room-temperature bulk Co–O 
bond length of 3.85 Å. Note, however, that in bulk LCO, the c 
lattice parameter decreases slightly more than the Co–O bond 
length as the temperature decreases, so the film c parameter and 
the Co–O bond length possibly agree even better at low tem-
peratures. For the c lattice parameter to be twice the bulk Co–O 
bond length, or perhaps slightly stretched to fit the Co–Co bond 
length, suggests that the Co–O bond is close to being aligned 
with the c-direction and the Co–O–Co bond angle is close to 
180◦ . If Co–O bond length is actually one or two percent larger 
than the c parameter, the Co–O–Co angle will not be signifi-
cantly smaller than 180◦ ; it will not be close to the critical angle 
of 163◦ . Assuming the other two Co–O bonds are perpendicular 
to this one, they must lie nearly in the plane parallel to the sub-
strate interface. To accommodate the room-temperature lattice 
parameter a = 3.791 Å, the Co–O–Co bond angles must be close 
to 160◦ and we would expect this angle to decrease upon cooling 
as it does in bulk LCO. In bulk LCO, Co–O–Co angles less than 
163◦ prevent magnetic interactions [3]. If we assume a similar 
cut-off angle in the LCO films on LAO substrates, we would 
expect the interactions between Co sites along the direction 
perpendicular to the substrate interface to be strong, but there 
should be no significant magnetic interaction in the plane paral-
lel to the interface. This magnetic interaction geometry would 
support a one-dimensional magnetic system, but one-dimen-
sional magnets cannot exhibit long-range order. This is consist-
ent with the observation from magnetometry experiments that, 
in the thinnest films, no phase transition to long-range order 
takes place. To form a Co–O–Co angle greater than 163◦ to sup-
port antiferromagnetic interactions, the Co–O bonds parallel to 
the substrate interface would need to be 1.917 Å or smaller at 
room temperature. There is no reason for Co–O bond to shorten 
from the room-temperature bulk value, however, because that 
is not required to accommodate the substrate lattice parameter.

In the thicker LCO films on LAO substrates, a spin-flop-like 
transition is observed and the moment at low temperature grows 
with increasing thickness. The thicker films also exhibit a new 
peak in the Bragg scattering as shown in Fig. 2 that suggests a 
relaxation of the lattice toward bulk LCO lattice parameters. 
Table 1 shows that the secondary peak corresponds to a vertical 
c-axis lattice parameter of 3.818 Å, close to the bulk value. 
Interestingly, the change in the lattice structure appears abrupt 
rather than continuous. AFM images (Fig. S6, Supplementary 
Material) show the surface of the film acquiring a granular 
texture and this is likely that results from relaxed non-epitaxial 
material with an altered structure, similar to the NbO2 epitaxial 

films discussed elsewhere [35]. Once the lattice parameters allow 
for Co–O–Co angles larger than about 163◦ in all directions, 
three-dimensional magnetic ordering is possible. The behaviors 
of the thin and thick films prove consistent with the geometric 
model for the correlation of the magnetic behavior with the 
Co–O–Co critical angle in bulk and nanoparticle LCO.

LCO films on STO substrates represent a quite different 
strain configuration. Instead of compressing the Co–O bonds 
along the a-axis, they are significantly stretched. The room-
temperature a-axis lattice parameter is 3.905 Å, significantly 
larger than 3.85 Å, twice the bulk LCO Co–O bond length 
of 1.924(2)  Å. Transmission electron microscopy (TEM) 
measurements [14] confirm that the Co–O–Co angle is close to 
180◦ in that plane and that condition is likely unchanged upon 
cooling. It is unlikely that the Co–O bond could be even larger 
than required to fit along the a-axis of the lattice. If the third 
Co–O bond is perpendicular to the other Co–O bonds, it must 
be significantly compressed relative to the others and to the bulk 
Co–O bond length. The c-axis lattice parameter for 22.3-nm 
and 25.7-nm thick films on STO is 3.79 Å, which is significantly 
smaller than twice the bulk LCO Co–O bond length, 3.85 Å, by 
a ratio of 0.984. XAFS measurements [22] indicate the ratio of 
the Co–O bond length along the c-axis to that along a-axis is 
0.979(6), which is consistent with the compression of the Co–O 
bond needed to fit the c-axis lattice parameter and suggests that 
the Co–O bond is nearly aligned with the c-axis. Upon cooling, 
the lattice structure might change slightly, but clearly all of the 
Co–O–Co angles are much larger than 163◦ if all the Co–O 
bonds are nearly perpendicular to each other.

The thinner films on STO substrates, 10.3 and 7.8 nm, 
show slightly larger compression in the c-axis direction, with 
a ratio of the c-axis to the a-axis lattice parameters equal to 
0.96, than 22.3- and 25.7-nm films, but the net moments at 
low temperature are comparable; all four samples show a net 
moment between 0.30 and 0.44 µB . In Fig. 2(c), a small peak is 
evident just below 76◦ for 22.3-nm film, approximately at the 
angles of the film peaks of thinner (10.3 and 7.8 nm) films. This 
might represent the layers adjacent to the substrate of the thicker 
film that have not relaxed as much.

Unequal Co–O bonds along the a-axis and c-axis directions 
should result in the loss of cubic symmetry experienced by the 
magnetic moments centered on the Co sites. It is also possible 
that the perpendicular Co–O bonds are not exactly along the 
c-axis to avoid some of the compression. That would also result 
in the loss of cubic symmetry. In either case, with the loss of 
cubic symmetry, the magnetic moments associated with each Co 
site could misalign with the c-axis and, with antiferromagnetic 
ordering, the tilt direction would then alternate from layer to 
layer. Twin domains with 90◦ rotations would also be expected 
with a tilt and twinning has been observed [13]. The resulting 
non-collinear alignment of the moments would result in a net 
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moment perpendicular to the c-axis, a condition consistent with 
the observation from magnetometry experiments that the net 
moment is predominantly, if not entirely, in the plane of the 
interface. It is likely that the origin of the net moment in an LCO 
film on a STO substrate is the canting of the antiferromagnetic 
sublattices. If the magnetic sublattices create a net moment, we 
can estimate the angle of tilt from the c-axis by comparing net 
moment achieved at low T with the moment on each Co site. The 
net moment per Co site is 0.44 µB , whereas the moment on each 
Co, from Table 2, is approximately 3.3 µB , which corresponds 
to a tilt angle as large as 8 ◦ , assuming moments at all Co sites 
contribute to the long-range order.

An early attempt [7] to address the magnetic behavior of 
bulk LCO invoked a distortion of the oxygen octahedra as a 
mechanism for generating magnetic moments on the Co sites 
above T = 40 K. However, it was shown [8, 9] that any distortion 
is too small to account for the moment. On the other hand, the 
Co–O–Co angle was shown [2, 3, 6] to be strongly correlated 
with the appearance of the moment in both experiments and 
extended state theory. For the STO substrate, the EXAFS 
measurements indicate a small bond difference of 2%. Although 
we show in the present work that the Co–O–Co angles alone are 
sufficient to explain the observed magnetic behavior, one could 
consider if some generalization of the local state picture could 
play a significant role as well since there is a small octahedral 
distortion. However, the measured moments in the bulk and 
film are quite similar, so the distortion must, at most, play a 
minor role in producing the observed moment per Co site in the 
film. Also, the large anisotropy of the observed moment in the 
film is not easily explained in the context of local moments on 
the Co sites that interact ferromagnetically; the moments would 
need to be dominated by a large planar anisotropy. The highly 
anisotropic net moment is, on the other hand, entirely consistent 
with moments that cant by a relatively small angle ( < 10◦ ) away 
from the axis perpendicular to the substrate interface as a result 
of the loss of cubic anisotropy of the slightly distorted oxygen 
octahedra surrounding the Co ions.

Cubic anisotropy in a nearly isotropic exchange antiferro-
magnet can result in antiferromagnetic state if it favors spins 
aligning along the axes of the cubic anisotropy, in our case along 
the diagonals of the oxygen octrahedra. It can cause a biconical 
state when it favors spins aligning away from the axes and this 
would result in a net moment along the field [1]. One might 
expect that the latter case fits the LCO on a STO substrate case 
which exhibits a net moment. However, a thick LCO film on a 
LAO substrate has no net moment, indicating that the cubic 
anisotropy favors alignment along the axes when the oxygen 
octahedra are not distorted. The distortion of the octahedra in 
LCO on STO could result in a biconical state if the spins can-
not align with the octahedral axes. A ground state calculation 

similar to that of an undistorted cubic anisotropy has not been 
done, to the best of our knowledge.

A resonant x-ray scattering study [15] of a LCO film on a 
STO substrate was interpreted to suggest charge ordering at 
and below room temperature, where adjacent Co sites are in 
alternating low-spin (LS) and high-spin (HS) states, and the 
magnetic interactions are ferromagnetic and exist only between 
second-nearest HS neighbors. The experimental data were 
interpreted in the context of a DFT calculation where such a 
spin-state ordering is imposed. Although the calculations and 
resonant scattering results are internally consistent, the a priori 
imposition of spin-state ordering does not necessarily exclude a 
model where the interactions are antiferromagnetic and similar 
to bulk LCO, but are associated with distorted oxygen octahedra. 
It would be useful to compare density functional theory (DFT) 
calculations under these conditions with the resonant x-ray 
scattering data [15].

Conclusion
We have demonstrated that the magnetic behavior of LaCoO3 
on both LaAlO3 and SrTiO3 substrates is consistent with 
nearly isotropic antiferromagnetic exchange interactions 
and significant cubic anisotropy associated with the oxygen 
octahedra surrounding each Co site. In the case of STO on 
LAO substrates, the ordering is suppressed close to the substrate 
interface and that correlates well with the Co–O–Co angle. 
We have also shown how the appearance of a net moment 
in LCO films on STO substrates is a result of non-collinear 
antiferromagnetic sublattices and again correlates well with the 
Co–O–Co bond angle. That correlation provides insight into 
why LCO films can exhibit a net moment or not depending on 
the strain from the substrate. It also demonstrates that a detailed 
understanding of the magnetic interactions in bulk LCO is 
key to understanding them in thin films. In our experiments, 
LCO films grown on LAO substrates where LAO provided a 
compressive strain to the film ( a/c < 1 ) have no magnetic 
ordering for strained films near the substrate interface and 
spin-flop-like (canted) ordering in partially relaxed thicker 
films. The films grown on STO substrates with biaxial tensile 
strain ( a/c > 1 ), on the other hand, showed an abrupt increase 
in moment below 80 K. M vs. T measurements in the films 
grown on STO follow critical behavior with a critical exponent 
consistent with the Heisenberg 3D value ( β = 0.37 ). Together 
with the decrease of M as T → 0 and an increasing TN with field, 
we conclude that this system has a weak magnetic anisotropy 
and a non-collinear sublattice magnetization. The effective 
moment per Co ion ( µeff � 3µB ), on the other hand, remains 
consistent with that of bulk LCO.

It has been demonstrated that substrate strain can be used 
to switch between states with and without net moments in a 
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LCO/STO film, for example, by applying voltages to the SrTiO3 
film; this forms the basis of a low-temperature logic device 
[10]. As discussed above, with no voltage applied to the STO 
substrate, the octahedra surrounding the Co ions are distorted, 
resulting in non-collinear alignment of the antiferromagnetic 
moments. The geometric mechanism for the switching is that a 
voltage applied to the STO substrate decreases the LCO lattice 
parameters in the interface plane, thereby allowing the lattice 
parameter perpendicular to the plane to increase. This allows 
the LCO octahedra to relax into a non-distorted shape and the 
antiferromagnetic moments become collinear. Although LCO 
can be used to create logic devices, the magnetic system only 
orders below approximately 90 K. A more practical device 
would require a switchable net magnetic moment above room 
temperature. To achieve switching in the antiferromagnetic 
film layer, two mechanisms are possible based on the geometric 
influences on the magnetic moment observed in LCO. First, if 
a material with an octahedral twist close enough to the critical 
angle could be stressed, the magnetism could be turned on and 
off with stress from a piezoelectric or ferroelectric substrate, 
such as STO. Second, if the lattice of the film is distorted by 
the constraints imposed by the substrate, an antiferromagnetic 
system could be switched from non-collinear to collinear 
order. The latter mechanism might be the easier one to realize. 
The consideration of the geometric effects and strain on thin 
antiferromagnetic films opens up new avenues for discovering 
appropriate magnetic thin film and substrate combinations that 
can lead to the development of new, practical electronic logic 
devices at higher temperatures than that of the LCO/STO device. 
From a device production point of view, an important issue to 
resolve is the need to obtain epitaxial growth, which requires 
precise temperature and oxygen pressure control, as well as 
growth on crystals like LAO or LCO instead of more widely 
available substrates used in industry like silicon.

Methodology
Sample growth

Before growth, single-crystalline SrTiO3 (STO) (001) and 
LaAlO3 (LAO) (001) substrates were cleaned by sonicating 
in acetone and isopropanol for 10 min each. In addition, 
STO substrates were annealed twice at 1000 ◦ C for 2 hrs in an 
atmospheric annealing furnace (Lindberg/Blue M), followed 
by a 30-s deionized water etch as discussed in Ref. [36]. The 
procedure results in a TiO2-terminated atomically flat surface 
with a step-terrace structure.

All films were grown using a pulsed laser deposition (PLD) 
technique. A stoichiometric LaCoO3 target was ablated using a 
248-nm wavelength KrF excimer laser (Coherent Compex Pro 
F 102). Samples were mounted to the substrate holder using 

high-vacuum compatible conductive silver paint (Ted Pella, 
Inc.) to maximize thermal contact with the substrate heater. 
During growth, the substrate temperature was kept at 650 ◦ C, 
and the chamber pressure was maintained at 200 mTorr with 
120-sccm constant flow of ultrahigh purity O 2 gas. After growth, 
the sample temperature was decreased to room temperature at a 
rate of 20 ◦C/min in an ambient growth pressure.

Structural characterization

Crystal quality was monitored during sample growth using in 
situ reflection high-energy electron diffraction (RHEED) and 
sample topography was measured after growth using tapping 
mode atomic force microscopy (AFM) at room temperature 
(Oxford Cypher AFM). Epitaxial strain on the films was 
quantified using x-ray diffraction spectra measured using a 
Rigaku Smartlab using Cu K α1 radiation. Thin films lattice 
parameters were calculated using Bragg peaks fitted to a 
Gaussian function and the film thickness was estimated using 
low-angle x-ray reflectivity data analyzed using GenX software 
[37]. In addition, x-ray scattering data were obtained at 10 
keV energy at BL14B1 of the Shanghai Synchrotron Radiation 
Facility (SSRF) [38]. Two LCO films grown on LAO substrates 
and two films grown on STO substrates were measured using a 
Huber 5021 six-circle diffractometer [39].

Measurement of magnetic properties

Magnetometry data were taken using a superconducting 
quantum interference device (SQUID) magnetometer (Quantum 
Design MPMS XL) with the reciprocating sample option (RSO) 
method of measurement. Each sample was measured with the 
field oriented in the plane as well and out of the plane. Samples 
were cooled in a µ0H = 100 mT field from T = 320 K to 5 K 
at a rate of 5 K/min and the magnetization was measured at a 
temperature interval of 1 K while cooling the sample at a rate 
of 2 K/min. To eliminate the diamagnetic contribution from 
the substrates, after measuring a sample, the film was etched 
off the substrate by chemically dipping the sample into aqua 
regia for 30 s. The magnetic measurements were then repeated 
on the substrate with both field orientations with identical 
measurement conditions. After proper subtraction of the signal 
from the substrate, the data were fitted to the Curie–Weiss 
model with an additional constant background term.
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