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We demonstrate the stabilization of a ferrimagnetic ground state in epitaxial films of PrCoO3

grown on SrTiO3 (001) substrates, in stark contrast to paramagnetic behavior observed in bulk.
Heteroepitaxial strain is found to induce long-range ordering of the Co ions, which we deduce to
be in a high spin state. The ferromagnetic ordering of the CoO6 array is accompanied by ordering
of the Pr sub-lattice in an antiparallel orientation to the Co. The ordering of the Pr sub-lattice
provides evidence for significant Co-Pr exchange likely facilitated by the presence of high spin Co.

PACS numbers: 75.30.Et, 75.47.Lx, 75.50.Gg, 75.70.Ak

Spin state transitions in condensed matter systems
have been extensively studied in order to understand the
underlying correlated electron behavior and competing
degrees of freedom that determine the ground state.1,2

The ability to access different spin states through param-
eters such as temperature and strain could create new
functionality through the modification of magnetic and
electronic behavior. Cobaltites display a range of spin
state configurations, depending on the structure, doping,
valence, pressure, and temperature. LaCoO3 (LCO), like
other undoped cobaltites, exhibits no long-range mag-
netic order, although the competition between the crystal
field splitting and Hund’s coupling leads to a mixture of
possible Co high spin (HS, S=2), low spin (LS, S=0) and
intermediate spin (IS, S=1) states3,4 above ∼30 K. The
different spin states can be accessed by changing temper-
ature, the Co-O bond length through the use of hydro-
static pressure,5–7 or the Co-O-Co bond angle through
chemical pressure, i.e. substitution of La with a smaller
rare-earth cation.8 More recently, lattice distortions al-
tering the spin state9–15 or defect-induced changes to the
valence state of the Co ions15–17 have also been cited as
possible sources of HS Co ions to explain the observed
ferromagnetism in heteroepitaxially strained LCO thin
films.

Epitaxial films of PrCoO3 (PCO), serve as a model
system in which we can explore the effects of substitu-
tion of La3+ with Pr3+ in a 4f 2 state and also mod-
ify the magnitude of the spin gap. Bulk paramagnetic
PCO has a smaller pseudocubic (pc) lattice parameter
and an orthorhombically-distorted perovskite structure
(apc ∼3.789 Å) compared to bulk LCO (rhombohedrally-

distorted apc ∼3.81 Å), due to the smaller ionic size of
Pr3+. The chemical pressure thus decreases Co-O-Co
bond angles, leading to a narrower eg-derived bandwidth
and a larger spin gap in bulk. This enhances the stability
of the LS state relative to LCO, resulting in a shift of the
onset of the spin state transition from about 30 K in LCO

to above 200 K in PCO.8 Tensily-strained epitaxial films
may destabilize this LS state and instead promote the HS
state, as the observation of ferromagnetism in LCO thin
films would suggest.9–15 Studies of PCO thin films could
thus provide a first step in the direction of understanding
the influence of the spin gap on ferromagnetic ordering
in epitaxial films.

We demonstrate an emergent ferrimagnetic ground
state in heteroepitaxial PCO thin films, where magnetic
moment ordering occurs on both the Co and Pr sites.
We find that the Co sublattice orders ferromagnetically,
with significant evidence for HS Co, and it is aligned
antiparallel to the ordered Pr sublattice. This is signif-
icant as ordering of Pr ions has not been observed in
bulk cobaltites. The Pr ordering antiparallel to the Co
ions accounts for the lower saturation magnetization for
these PCO films compared to LCO films. We also ob-
serve a lower Curie temperature (TC), likely due to the
greater stability of the low spin state in bulk PCO. The
ferromagnetic exchange mechanisms used to explain the
behavior of metallic alkaline-earth doped bulk cobaltites
is inconsistent with the insulating behavior of the PCO
films obtained here. The apparently different mechanism
for ferromagnetism in these films may facilitate strong
exchange coupling between Pr and Co. These findings
are significant since they set these thin films apart from
other cobaltites, and they represent the first evidence of
an interaction of this type between high spin Co ions
and rare earth ions which result in novel ferrimagnetic
behavior.

To probe the role of epitaxy on the spin state in PCO,
we grew ∼8, ∼23 and ∼115 nm thick PCO films on
(001) SrTiO3 STO) and Nb-doped SrTiO3 (lattice mis-
match ∼3.0% for both) substrates by pulsed laser de-
position (248 nm KrF excimer laser, ∼1 J/cm2). A
PCO polycrystalline target was synthesized by solid state
reaction of stoichiometric quantities of Pr6O11 (Sigma-
Aldrich, 99.9% purity) and Co (C2O4)·2H20 (Sigma-
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Aldrich) powders. The reactants were thoroughly ground
and reacted at 1000◦C in air for 7 days, with 2 intermedi-
ate grindings. The reacted powder was cold-pressed into
a disk at ∼16,000 psi and sintered at 1200◦C in air for
96 hours. After cooling the target to room temperature
at 0.5 ◦C/min, the phase purity was confirmed by X-ray
diffraction. The films were grown with a laser pulse rate
of 3 Hz in 320 mTorr of O2 at 650◦C-700◦C and cooled
in 10 Torr of O2.

PCO films grown on both types of STO substrates
exhibit good crystallinity with the full-width at half-
maximum of the (002) rocking curves (or ω scans) of ∆ω
< 0.3◦ for films thinner than 25 nm and ∆ω < 0.7◦ for
thicker films. All PCO films exhibit low surface rough-
ness with typical RMS values of 2.5 Å to 5 Å on a 5 µm
lateral length scale. Reciprocal space maps around the
(013) film and substrate peaks show that the 8 nm film is
coherently strained to the substrate (Fig. 1(a)). As the
PCO film thickness is increased (Fig. 1(b)), the in-plane
film lattice parameter shifts from the substrate value (apc
= 3.905 Å) towards the bulk PCO value of 3.79 Å, indi-
cating film relaxation. At 115 nm thickness (Fig. 1(c))
there is almost full relaxation.

FIG. 1: (color online) Reciprocal space maps of the (013)
reflection for a) 8 nm, (b) 23 nm and (c) 115 nm thick PrCoO3

films grown on Nb-doped SrTiO3 substrates.

All PCO films exhibited long-range magnetic order.
In order to obtain accurate magnetization values, a high
field negative slope background was subtracted from the
data to eliminate diamagnetic and paramagnetic sub-
strate contributions to the magnetic signal. The magne-
tization versus field loops, with magnetic fields applied
in-plane, show magnetic hysteresis (Fig. 2(a)). Fig. 2(a)
shows that the saturation magnetization does not scale
in a simple manner with thickness. We find the high-
est saturation magnetization (∼0.4 µB/PrCoO3 formula
unit) for the thinnest films and observe a rapid drop in
the magnetization with increasing thickness, eventually
falling below ∼0.1 µB/PrCoO3. Fig. 2(b) shows the
magnetization dependence on temperature. These curves
have been normalized to their low temperature values to
enable facile comparison of the TCs. The 8 nm thick film
has a TC of ∼60 K, while the thicker films show a signif-
icant decrease in the TC to around 40 K for the 115 nm
thick film. This apparent decrease in TC for the films
of increasing thickness is likely related to the increasing
degree of relaxation and can be understood as a decrease
in the presence of HS Co. All films show a monotonic
decrease in magnetization with increasing temperature.

FIG. 2: (color online) (a) Magnetization versus magnetic field
at 5 K and (b) magnetization versus temperature after field
cooling and applying a static field of 5 mT for PrCoO3 films
8, 23, and 115 nm thick.

This is important in the context of our finding of ferri-
magnetism (see below), as it indicates that the Pr order-
ing temperature is close, or identical, to the Co ordering
temperature.

The long-range magnetic order was further probed
on a similar set of PCO films 8 nm and 110 nm thick
by element-specific X-ray magnetic circular dichroism
(XMCD) performed in total electron yield mode at the
Advanced Light Source (beamlines 4.0.2 and 6.3.1) in 30◦

grazing incidence at 25 K. A 0.5 T magnetic field was
applied in-plane to enable comparison with the in-plane
SQUID measurements. Since transport measurements
revealed PCO film samples to be insulating (consistent
with prior work on LCO films),16 for these measurements
we used samples grown on conductive Nb-doped STO to
help prevent charging. The X-ray absorption (XA) and
XMCD spectra for 8 and 110 nm PCO films show differ-
ences as discussed below. XMCD spectra are descibed
in terms of the difference in XA spectra measured with
different relative orientations of photon spin and mag-
netic moment. XMCD signals are found at both the Co
L2,3 (2p to 3d) and Pr M4,5 (3d to 4f ) absorption edges,
thus indicating that the ferromagnetism comes from both
Co and Pr. The spectra from our films are compared to
spectral results in literature18–21 to provide insight into
the films’ spin state, valence, and site symmetry.22

The XA line shapes in Fig. 3(a) for the Co edge of the
8 nm (red open circles) and 110 nm (green solid triangles)
PCO films indicate a greater presence of HS Co3+ in the
thinner films. For comparison, we show spectra from Hu
et al.18 of bulk Sr2CoO3Cl and bulk EuCoO3 (Fig. 3(a)
orange solid squares and black crosses) which are known
to have 100% HS and 100% LS respectively. Although
these two compounds do not have identical Co coordi-
nation (i.e., pyramidal in Sr2CoO3Cl and octahedral in
EuCoO3), comparison of the two spectra suggests (i) an
increase in the ratio of the L3 pre-edge (A) intensity to
the L3 post-edge (C) intensity, (ii) a decrease in the ra-
tio of the L2 peak (D) intensity to the L2 post-edge (E)
intensity, and (iii) an increase in the ratio of the L3 peak
(B) intensity to the L2 peak (D) intensity are indicative
of a greater fraction of HS state Co. The 8 nm PCO film
spectrum has features similar to (i), (ii), and (iii) thus
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FIG. 3: (color online) XA (a,c) and XMCD (b,d) spectra at
the Co L2,3 (a,b) and the Pr M4,5 (c,d) edges measured using
circularly polarized X-rays and magnetic fields up to 0.5 T.

the film contains some HS Co3+, while the 110 nm PCO
film spectrum has features that are very similar to the
100% LS Co3+ in the EuCoO3 reference.

The small feature at 777 eV is likely due to the pres-
ence of some small amount of Co2+ which suggests the
presence of some oxygen vacancies in these films. The
spectral features in our spectra could be fit by a combi-
nation of LS and HS Co3+ ions and a minor contribution
from HS Co2+, similar to what is observed in LaCoO3

epitaxial systems.23 The contribution of this small quan-
tity of Co2+ to the XA spectra does not fully account
for the net moment through the entire film. In addition,
this feature is present in both thin and thick films and
shows little change as a function of applied field indicat-
ing a weaker correlation with the films’ overall magnetic
behavior.

The Co XMCD for the 8 nm PCO film Fig. (3(b)
red open circles) is stronger than for the 110 nm film
Fig. (3(b) green solid triangles). The paramagnetic
dichroism4 calculated for a small population of HS Co3+

under a 6 T field on single crystal LCO at 60 K Fig.
(3(b) dark blue line) shows similar features (though not
identical) to the XMCD of our samples. The dichroism
signal from the thick sample is lower, consistent with
SQUID magnetometry, and as a result has a lower signal
to noise ratio. We also found that the XMCD depen-
dence with temperature (not shown) for the 8 nm film
was consistent with SQUID magnetometry showing mag-
netic dichroism below 50 K and none above 175 K. Since
dichroism signals from both films, using the convention
I↑↓−I↑↑, match the dichroism sign changes in the para-
magnetic LCO reference, we can conclude that the Co
moment is aligned with the applied magnetic field.

Our XA spectra at the Pr M edge Fig. (3(c)) are
characteristic of Pr3+ and are similar to the calculated
spectrum.20 We observe no evidence of charge transfer
or features associated with Pr4+, unlike the bond-length
changes and strong 4f -2p hybridization that has been
observed for bulk Pr0.5Ca0.5CoO3.19 Calculated dichro-
ism features of Pr3+ at the M4,5 edge20,21 match features
in the experimental spectrum in both relative magnitude
and energy (see Fig. 3(d)), but not in sign, confirming

magnetism arising from the Pr3+ ions and their antipar-
allel orientation to the Co3+ moment and the applied
field. The Pr XMCD is also stronger for the 8 nm film
Fig. (3(d) dark red solid triangles) than for the 110 nm
PCO film Fig. (3(d) blue open squares).

The magnetic field dependence of the XMCD signal at
the Co and Pr edges provides insight into the switching
behavior of Co and Pr. Due to the measurement con-
ditions these loops only provide qualitative information
regarding the relative switching of Pr and Co. Fig. 4(a)
and 4(b) show element specific hysteresis loops taken at
779.9 eV for Co (the L3 peak) and at 953.1 eV for Pr (the
M4 peak) as a function of field. The dichroism for the 8
nm film shows clear hysteresis (Fig. 4(a)) indicating that
both the Co and Pr are ferromagnetic. The thicker 110
nm film (Fig. 4(b)) shows no clear hysteresis and a re-
duced dichroism at both Co and Pr edges, thus indicating
much weaker ferromagnetism. During our investigations,
we also observed that this reducd dichroism trend with
thickness held true for a ∼25 nm thick PCO film as well
(omitted in this work). We observed a lower (higher)
magnetic Co and Pr dichroism in a ∼25 nm sample com-
pared to the ∼8 nm (∼110 nm) sample.

From the data, there is a strong correlation between
tensile strain and ferromagnetism in the films. Very thin
PCO films under coherent tensile strain have tetragonal
unit cell symmetry and show ferromagnetic behavior with
a TC ≤60 K. As the thickness is increased, and the struc-
ture becomes more cubic and akin to bulk PCO, the mag-
netic moment is diminished and the TC decreases. Com-
bined with the XA evidence for high spin Co in the thin-
ner PCO films, this trend in the magnetism suggests that
we stabilize long-range magnetic order and HS cobalt via
epitaxial tensile strain. We speculate that the lattice dis-
tortions arising from epitaxy correspond to a decrease in
the overall crystal field splitting and possibly a change in
the distribution of electronic energy levels compared to
the bulk. In bulk PCO, the LS state of S=0 is stable up
to 200 K, which is a much higher temperature compared
to bulk LCO (spin state transition occurs at ∼30 K).
The decreased orbital overlap and hybridization due to
the smaller Co-O-Co bond angles in bulk PCO, aid the
stabilization of the LS state.8 Given the increased sta-
bility of the Co LS state in bulk PCO, it is noteworthy
that we observe any long-range magnetic order in PCO
films. Distortion of the lattice in the tensily strained
films appears to oppose the smaller Co-O-Co bond an-
gles and alters the crystal field enough to partially drive
the system to a HS state. Epitaxial tensile strain and
chemical pressure from the smaller Pr cation represent
competing influences on the spin state stability. Thus the
long-range order suggests that lattice changes from epi-
taxy dominate or overwhelm the decreasing bond-angle
tendencies (from 164◦ in bulk LCO to ∼157◦24 in bulk
PCO) caused by the Pr chemical pressure on the Co oc-
tahedra. However, the reduction in TC (∼60 K for PCO
films compared to 80 K for LCO films)9 suggests that
the smaller Pr cation does, to some extent, reduce the
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FIG. 4: (color online) Element specific hysteresis loops taken
at 25 K for thin (a) and thick (b) PrCoO3 films on Nb-doped
SrTiO3 substrates show a different field dependence.

strength of the orbital overlap that gives rise to the fer-
romagnetic exchange between Co ions.

The most remarkable finding of this investigation how-
ever is the demonstration of two ferromagnetic sublat-
tices: one of Co ions aligning with the applied magnetic
field and another of Pr ions that is antiferromagnetically
coupled to the Co moments. This reveals that these
films are more appropriately described as ferrimagnetic
and display a monotonic temperature dependence with
a TC of ∼60 K. Pr3+ ions in bulk PCO do not show
any ordering down to 4 K.25 In doped Pr1−xSrxCoO3,
long-range ferromagnetism associated with the Co ions
is observed for x > 0.226 and can be attributed to the
double exchange interaction among IS Co moments in
an intermediate valence, mediated by a mobile eg elec-
tron. Features in the magnetism have been associated
with an abrupt change in the magnetic anisotropy and a
dramatic structural change,26–28 associated with strong
Pr 4f -O 2p orbital hybridization below 120 K.26,29 How-
ever, in contrast to the findings in our work, Pr order-
ing does not occur even in these doped bulk systems.26

In undoped systems, despite the tendency for a singlet
state, Pr3+ magnetic ordering could occur provided the
exchange in the vicinity of the ions is strong enough.30

However, in previously studied undoped perovskites,31–33

the Pr3+ ions have only shown to be weakly exchange
coupled to the transition metal ions with no tendency
for ferrimagnetic ordering.

In our epitaxially strained films, the Pr moment ap-
pears to be strongly coupled to the HS/LS Co moments,
unlike the bulk Pr1−xSrxCoO3 IS Co scenario. Thus, the
stabilization of ferrimagnetism and insulating behavior
here presents a unique behavior not observed in other
Pr-based perovskite oxides. Presumably, the larger ionic
size and the higher spin moment of HS Co ions contribute
to the Pr magnetic site ordering by increasing the possi-
bility for strong Pr-Co exchange.30 However, we do not
observe any evidence for increased Pr-O hybridization
from the XA spectra, unlike in the Pr1−xCaxCoO3

19 and
Pr1−xSrxCoO3 systems.26 The prior work exploring rel-
evant crystal field effects in Pr-containing perovskites fo-
cuses on cubic or very close to cubic symmetry. In these
epitaxial films we stabilize tetragonal symmetry which
may also play some role in enabling Pr ordering. In any
case, the ordering of Pr observed here is fundamentally
different from the high TC IS Co system (alkaline-earth
doped PCO) where no Pr ordering is observed. In our
study, the transition temperature for both HS Co ions
and Pr ions is the highest ordering temperature reported
thus far for a Pr sublattice and is evidence that the or-
dering of Co and Pr occur together.

In summary, we have stabilized ferrimagnetic PCO
thin films composed of antiparallel Co and Pr ferro-
magnetic sublattices that simultaneously order with a
TC ≤60 K. The epitaxial lattice strain overwhelms the
competing chemical pressure effects from the smaller Pr
cation to stabilize a low temperature HS ground state
in the Co ion. This insulating ferrimagnetism is funda-
mentally different from the double exchange interaction
found in doped cobaltites and can be attributed to strong
exchange among HS Co ions and Pr ions. It thus appears
that capitalizing on the HS/LS Co-based magnetism in
cobaltite films may offer a new route to higher tempera-
ture magnetic ordering of rare-earth ions.
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