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Years of intensive work on perovskite manganites has led to a detailed understanding of the phenomena that
emerge from competition between the electronic and lattice degrees of freedom in these correlated electron
systems. It is well understood that the related cobaltites provide an additional spin-state degree of freedom.
Here, we use the magnetic properties of a particular cobaltite, Pr;_,Sr,CoOs3, to demonstrate the vital role
played by a further ingredient often negligible in manganites; magnetocrystalline anisotropy. Pr;_,Sr,CoO;3
exhibits an anomalous “double magnetic transition” that cannot be ascribed to a spin-state transition or the
usual charge/orbital/antiferromagnetic ordering and has thus far evaded explanation. We show that this is
actually due to a coupled structural/magnetocrystalline anisotropy transition driven, in this case, by Pr-O
hybridization. The results point to the existence of a distinct class of phenomena in the cobaltites due to the
unique interplay between structure and magnetic anisotropy.
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The multifunctional nature of complex oxides such as per-
ovskites provides great opportunities for basic science as
well as considerable application potential in oxide electron-
ics. The fascinating magnetism of the manganites is a good
example. The interplay between charge, spin, lattice, and or-
bital degrees of freedom'? results in close competition be-
tween multiple ground states, leading to such phenomena as
magnetoelectronic phase separation®* and colossal magne-
toresistance (MR).'* At the same time, high spin
polarization,s’7 interface stability with other oxides, and
multiferroicity®'0 offer exciting opportunities for device
function. The Co-based sister compounds of the manganites
have been less intensively studied. It is known that the simi-
lar Hund’s rule exchange and crystal-field energies lead to an
additional spin-state degree of freedom in the cobaltites [e.g.,
LaCoO; (Ref. 11-16)] but their significant magnetocrystal-
line anisotropy (MCA) has not been so extensively dis-
cussed. Both for basic science and potential applications, the
presence of MCA is important. The use of anisotropy,
whether it be intrinsic, surface, interface, or exchange in-
duced, is one of the most useful strategies for control of the
magnetic response of structures based on conventional ferro-
magnetic (F) metals'” but is an aspect that is missing in
manganites, which are often essentially isotropic Fs.>!3-2!

In this paper the presence and importance of MCA in the
cobaltites and the role it plays in generating physical phe-
nomena not possible in other systems is illustrated via the
unusual properties of Pr;_ Sr,CoO; (PSCO). At half doping,
multiple studies have found PSCO to exhibit anomalous
magnetic properties not present in other Ln;_ AE,CoO;
(Ln=Ilanthanide and AE=alkaline-earth) systems.?>?% Al-
though the typical paramagnet (P) to F transition is found at
a Curie temperature (7o) of 230 K (similar to other
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moderate-to-large bandwidth cobaltites?), it is followed, at
120 K, by a second magnetic transition with apparently para-
doxical character.”>?® The magnetization (M) decreases, in-
creases (by a factor of 2), or shows no anomaly on cooling,
depending on the applied magnetic field. Any signature of
this transition in electronic transport is surprisingly
absent.?>”>> Many explanations have been conjectured,
mostly based on the factors commonly at play in manganites
and other cobaltites (e.g., charge/orbital/antiferromagnetic
(AF) ordering, spin-state transitions, ferrimagnetism,
etc.?>2%) but there has been no definitive explanation. We
show here that the observed transition is actually a coupled
structural/MCA transition that naturally explains all aspects
of the physical behavior of this material.

Bulk polycrystals (0.00<x<0.70) were prepared by
solid-state reaction in air. Stoichiometric quantities of Pr,O3,
SrCO;, and Co;0, powders were reacted at 1000 °C for 7
days with several intermediate grindings followed by cold
pressing, sintering at 1200 °C for 1 day, and slow cooling to
room temperature (1 °C/min). Oxygen content was deter-
mined by thermogravimetric analysis. In common with other
cobaltites, such as La;_,Sr,CoO;, oxygenation becomes in-
creasingly difficult at higher x, particularly above x=0.5. The
oxygen deficiency (&8 in Pr,_,Sr,CoO;_s) was found to in-
crease slowly from 0.07 to 0.12 as x increased from 0.20 to
0.50. Note that the temperature of the magnetic anomaly
discussed in this paper is uncorrelated with the doping de-
pendence of the oxygen content (there are approximately 0.1
missing oxygen atoms per unit cell across the whole doping
range) and that this magnetic anomaly is unaffected by high-
pressure oxygen annealing, which is strong evidence that the
effect is not intrinsically related to oxygen vacancies. Mag-
netometry was performed in a commercial superconducting
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quantum interference device magnetometer under the condi-
tions described in the text. The transport measurements were
performed using a 13.7 Hz a.c. (alternating current) excita-
tion with In contacts in a van der Pauw configuration while a
commercial system was employed for heat-capacity mea-
surements via the relaxation method. High-resolution high-
energy x-ray powder diffraction (XPD) was performed at
beamline 11-ID-C of the advanced photon source (wave-
length, A\=0.108 A). Neutron powder diffraction (NPD) was
done on the BT-1 instrument at the NIST Center for Neutron
Research (NCNR), using A=1.5403 A from a Cu(311)
monochromator. Collimators with horizontal divergences of
15’, 20, and 7’ of arc were used before and after the mono-
chromator and after the sample, respectively. Additional dif-
fraction and magnetic order-parameter data were obtained on
the BT-2 triple axis spectrometer using a pyrolytic graphite
PG(002) monochromator and filter at A=2.359 A. Small-
angle neutron scattering (SANS) employed the NG7 instru-
ment at the NCNR and was performed in the scattering
wave-vector range 0.01<<¢g<0.3 A~'. Structural refine-
ments used the general structure analysis system (Ref. 30)
with neutron-scattering amplitudes of 0.445, 0.702, 0.253,
and 0.581 (X 1072 cm) for Pr, Sr, Co, and O, respectively.
The first-order reversal curve (FORC) method was used to
extract the fraction of magnetization that switches irrevers-
ibly, as described elsewhere.’! Finally, direct measurements
of the anisotropy field were made via transverse susceptibil-
ity measurements performed using a radio frequency (12
MHz) tunnel diode oscillator technique. This method has
been validated as a probe of magnetic anisotropy in earlier
work.?? The data were analyzed under the assumption of
uniaxial anisotropy, enabling extraction of an effective aniso-
tropy field, H,.

The macroscopic magnetic properties of Prg sSrysCoO5
that have drawn such attention are shown in Figs. 1(c) and
1(g)-1(i) for bulk polycrystals. As shown in Fig. 1(c) the
material undergoes a F to P phase transition around 230 K.
The large splitting between field cooled (FC) and zero-field
cooled (ZFC) M(T) is due to the applied field (uoH
=1 mT) being much lower than the coercive field, H.3
similar to other doped cobaltites,”” where the MCA is
significant.?®333¢ The dramatic difference in comparison to
other systems is the behavior near 120 K where a sharp de-
crease in M(T) occurs, accompanied by thermal hysteresis.
Clearly a magnetic transition occurs at this temperature,
which has been dubbed T, in prior work.?> The anomalous
nature of this transition becomes more apparent when one
considers the H dependence of M(T) shown in Figs.
1(g)-1(31). At ugH=1 mT the transition results in a sharp
decrease in M on cooling below 120 K while for woH
=0.1 T a sharp increase in M occurs on cooling. The cross-
over field delineating these two regimes is around 75 mT. If
the measurement is repeated in a saturating field [uoH
=5 T, Fig. 1(i)] no anomaly occurs at 7.

Some of the most obvious potential explanations include
charge/orbital/AF ordering, which occur in the equivalent
doped manganite!™* and a spin-state transition, which is
common in cobaltites.!'~'¢ In both of these cases a clear sig-
nature in resistivity (p) is expected, driven by the charge
ordering in the former case and the change in orbital occu-
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FIG. 1. (Color online) Temperature dependence of the magneti-
zation of Pr;_,Sr,CoOj. (a)—(f) show 1 mT field cooled (both warm-
ing and cooling) and zero-field-cooled data at x=0.35, 0.40, 0.50,
0.55, 0.60, and 0.65 in a measuring field of 1 mT. (g)—(i) show the
x=0.5 field-cooled data at measuring fields of 1 mT, 0.1 T, and 5 T.

pancy in the latter. The data of Figs. 2(a) and 2(b) demon-
strate that anomalies in p(7) near 120 K are notably absent;
no anomalies occur at any x value between 0.0 and 0.70 [Fig.
2(a)]. For x=0.50 [Fig. 2(b)] p(T) shows a change in slope at
T but no feature at 120 K. The 9 T MR [Fig. 2(c)] shows no
anomaly at 120 K either, just a peak near T.?° This apparent
decoupling of magnetization and transport is unusual in per-
ovskites where the double exchange mechanism provides an
inextricable link between e, electron hopping and F spin
alignment.'~* The heat-capacity (C,) data [Fig. 2(d)] reveal
interesting features however. The usual field-dependent
anomaly is observed at T, in addition to a small field-
independent kink at T,.

The study of the magnetic properties was expanded to
multiple x values (0.0<<x<<0.70) in order to better under-
stand the global behavior. M(T) curves for six representative
samples are shown in Figs. 1(a)-1(f), at uoH=1 mT.
Clearly, the anomalous transition is most prevalent around
x=0.50. At x=0.35 the system is already in an F metallic
ground state with a 200 K T but no anomaly is found at
lower T. As x increases to 0.40 the anomaly is first detected
as a weak perturbation in M at 7,=75 K, increasing to a
large change at 7,=120 K for x=0.50, then vanishing again
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FIG. 2. (Color online) Temperature dependence of the electronic
transport and thermodynamic properties. (a) shows the resistivity at
x=0.10, 0.15, 0.18, 0.20, 0.25, 0.35, 0.40, 0.45, 0.50, 0.55, and
0.60. The resistivity for x=50 is shown more clearly in (b) along
with the corresponding 9 T magnetoresistance in (c). Specific heat
is displayed in (d) both in zero field and 9 T. The vertical dotted
lines denote T and T4.

for x>0.60. These results, when combined with a.c. suscep-
tibility (not shown) result in the phase diagram of Fig. 3(b).
Similar to the other doped perovskite cobaltites (e.g.,
La,;_,Sr,Co0;3), the system evolves from a spin/cluster glass
at low x (due to formation of hole-rich F clusters in a non-F
matrix?>>37-3% to a F metal beyond x=~0.20. This critical
doping is the point at which the clusters coalesce, leading to
long-range F order and a coincident percolation
transition.?%-3%3 The most notable feature is clearly the dome
(labeled FMM?2) formed by T4(x), which bounds the region
of anomalous magnetism.

High-resolution synchrotron XPD and NPD was per-
formed at x=0.50 to determine the crystal structure and
probe a possible structural change at 7. In agreement with
recent studies,?’-2840 we refined the structure as monoclinic
(space group [2/a) at all temperatures (3.5 K<T
<300 K).*' As a representative example, the standard pa-
rameters used to assess the agreement between the structural
model and the observed pattern (i.e., the residuals and *
values) are R,=4.59%, R,,,=5.86%, and X2=1.493 for the
NPD data at 3.5 K. The structure is illustrated in Fig. 3(a).
The most important feature is the behavior in the vicinity of
120 K which is shown in Fig. 4(a) for the illustrative case of
the region near the (022) and (400) reflections. A dramatic
transition occurs near 120 K where the crystal symmetry
remains unaltered but the lattice parameters undergo a large
change. Such a feature was alluded to in prior work?® and has
been observed with coarse (150 K, cf. 80 K) T resolution.?”
The lattice parameters are plotted in Fig. 4(b) where it can be
seen that a and b undergo large changes (+1.15 and —1.10%,
respectively) on cooling, the volume of the unit cell being
barely affected. Given the similar temperatures for the mag-
netic and structural transitions we presume the two are re-
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FIG. 3. (Color online) Crystal structure and phase diagram. (a)
Crystal structure of Pry 5Sry 5C0oO3 with monoclinic (solid lines) and
pseudocubic (doted lines) unit cells highlighted. The arrow indi-
cates the Pr-O plane discussed in the text. (b) Magnetic phase dia-
gram showing T, Tsg, and 7,. PS=paramagnetic semiconductor,
SGS=spin/cluster-glass semiconductor, PM=paramagnetic metal,
FMM =ferromagnetic metal, and MIT=metal-insulator transition.
The shaded fields indicate the regions in which the low T crystal
structure is orthorhombic, monoclinic, and simple cubic.

lated. We also performed a similar XPD study at x=0.30,
where T,=0 [see Figs. 1(a) and 3(b)], i.e., no such anoma-
lous magnetic transition is present. The structure was refined
as orthorhombic at all 7 with no 7-dependent transition in
lattice parameters. Our structure determinations are consis-
tent with prior work concluding that Pr;_ .Sr,CoO; is ortho-
rhombic to x=0.30 (Ref. 40) and monoclinic to x=0.67 (Ref.
42) to 0.80 (Refs. 40 and 43) beyond which fully oxygenated
specimens are simple cubic.

NPD was also performed to determine the influence of
this lattice anomaly on magnetic ordering. Figure 4(c) shows
the T dependence of the NPD intensity around (011) and
(200) peaks [complementary to Fig. 4(a)]. The limited reso-
lution results in a single peak at 7> 120 K, which broadens
below 120 K due to the increased splitting between (200)
and (011). T, is observed as an onset of additional intensity
near 230 K, followed at 120 K by a sharp decrease in the
maximum intensity [upper panel of Fig. 4(d)], apparently
suggesting a discontinuity in order parameter. Such a per-
functory analysis belies the true physics, as both overlapping
reflections [(200) and (011)] possess significant magnetic in-
tensity. To account for this we performed a two-Gaussian
fitting procedure to extract the individual intensities. [The
positions of the two peaks are shown as dotted lines in Fig.
4(c). Note that at low temperatures it is clear from the peak
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FIG. 4. (Color online) X-ray and neutron scattering results (x=0.5). Panel (a) shows the temperature dependence of the x-ray diffraction
patterns in the vicinity of the (400) and (022) peaks. The lattice parameters determined from the x-ray diffraction are shown in (b). Panel (c)
is a (color) intensity plot showing the intensity of the neutron diffraction near the (011) and (200) peaks. The dotted lines depict the
individual diffraction peaks as discussed in the text. The peak neutron intensity vs temperature is shown in the top panel of (d), along with
the refined saturation moment (right axis), small-angle neutron-scattering intensity (¢=0.0138 A~'), and the “summed intensity” described

in the text (left axis). The dotted lines denote T and T).

profile that two overlapping reflections clearly exist and can
be reliably separated.] When these intensities are summed
[(Iy1,+1x00) vs T, Fig. 4(d), solid squares] one observes no
anomaly at all in the magnetic order parameter. The magnetic
moment extracted from full refinements (which is indepen-
dent of this two-Gaussian fitting procedure) is also plotted in
Fig. 4(d), again showing no feature at 120 K. These refine-
ments indicate no detectable ordering of Pr moments or
changes in the symmetry of magnetic ordering at 7,. We also
measured SANS from a sintered polycrystal. The magnetic
SANS intensity at g=0.014 A~! (which is due to domains
and domain walls and scales with the magnetization*) is
shown as the solid line in Fig. 4(d), again confirming the
absence of an anomaly in order parameter at 120 K. These
data rule out several plausible explanations. There is no evi-
dence of AF phase formation, ordering of the Ln moments
[which could lead to ferrimagnetism if AF coupled to the Co
spin sublattice as in Nd,_,Sr,CoO5 (Ref. 35)], or any discon-
tinuity in the F order parameter. This is, however, completely
consistent with the absence of anomalies in p(T), MR(T),
and M(T).

Having ruled out charge/orbital ordering, spin-state tran-
sitions, AF ordering, and ferrimagnetism, and given the ab-

sence of any transition in magnetic order parameter, the natu-
ral conclusion is that the structural transition at 120 K leads
only to changes in the low-field magnetization [Figs. 1(g)
and 1(h)], not the saturated moment [Fig. 1(i)]. The MCA,
which has a strong influence on the domain distribution and
magnetization reversal mechanisms, in turn controlling coer-
civity and remanence, is one possible source. In order to
probe this possibility we measured the T dependence of (a)
the coercivity (H) and remanence (from isothermal major
hysteresis loops), (b) the fraction of magnetization that
switches irreversibly (from first-order reversal curves), and
(c) the effective anisotropy field (Hg) (from transverse sus-
ceptibility), as shown in Figs. 5(a)-5(c). As pointed out by
Mahendiran and Schiffer?> H does indeed show an anomaly
at 120 K. This takes the form of a sharp decrease in H- on
cooling through T, accompanied by an abrupt decrease in
remanent magnetization (data not shown), strong evidence of
a discontinuous decrease in anisotropy constant on cooling.
Figure 5(b) shows that the fraction of M that switches irre-
versibly is also consistent with such an interpretation. Fi-
nally, the Hyg(T) data of Fig. 5(c) provide unequivocal evi-
dence for a transition from a high 7 higher MCA region to a
low T lower MCA region, the anisotropy field falling by
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about a factor of 3 between 120 and 80 K. The 10 K Hg
values from Fig. 5(c) correspond to uniaxial anisotropy con-
stants in the mid 10° erg/cm? range, roughly consistent with
prior estimates in La,_,Sr,C00;.3°

The coupled lattice-MCA transition implicated by these
data provide a simple explanation for the puzzling data of
Figs. 1(g) and 1(h). The complex field dependent M(T) on
cooling through T, is due to the changes in the (MCA-
dependent) parameters describing the hysteresis loop shape
(H¢, remanence, field-dependent susceptibility, etc.) when
H < Hg (the saturation field). A simple illustration of how this
can lead to either a decrease or increase in M as T is lowered
through T, is provided in Fig. 5(e) showing magnetizing
M(H) curves after zero-field cooling to 10 (T<<T,) and 120
K (T=T,). The 10 K curve exhibits a faster approach to
saturation than the 120 K curve at high fields (consistent
with the lower MCA) but has a smaller initial susceptibility,
leading to a crossing of the two curves around 75 mT. The
result is that at uyH <75 mT M increases with T from 10 to
120 K while at 75 mT < uoH < uoHg, M decreases with T
from 10 to 120 K, providing a simple explanation for the
data of Figs. 1(g)-1(i). The smaller initial susceptibility in
the lower MCA region can be explained by poor magnetic
coupling between grains at low 7. This proposed structural-
MCA transition also explains all other observed phenomena.
The absence of a transition in p(7) and MR(T) is natural
given the unaffected magnetic order parameter. The anomaly
in C,(7) at 120 K is due to the structural transition while it’s
field independence indicates the absence of any change in
spin entropy, consistent with a transition in the MCA rather
than the magnetic moment.

These results demonstrate a transition in the magnitude of
the anisotropy constant during the structural transition at 7.
A change in the direction of the magnetic easy axis also
occurs. Examining the recently published Lorentz micros-
copy images of Uchida et al.?° in tandem with the results of
our structural studies enable us to further understand this.
This magnetically sensitive microscopy reveals band-type
magnetic domains whose magnetization reorients between
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[110] and [100] at a temperature between 140 and 80 K, i.e.,
a rotation of the easy axis of magnetization occurs near T;.*)
Similarly, Hirahara et al.’® observed a transition to a [100]
easy axis at low temperatures using conventional magnetom-
etry on single crystals. This reorientation of the magnetic
easy axis is clearly driven by the transition in a- and b-axis
lattice parameters (i.e., an a-b plane rearrangement) shown
in Fig. 4(b). The extended a-axis lattice parameter below T
results in a much larger difference between Co-Ol1 and
Co-0O2 bond lengths as well as a transition from the Co-
02-Co bond angle being closer to 180° to the Co-O1-Co
angle being closer to 180°, both factors playing an important
role in determining the easy axis. We speculate that a suit-
ably sophisticated electronic structure calculation could
quantitatively reproduce the change in MCA magnitude and
direction given the experimentally determined changes in
structure. As a final remark on this issue, it is worth pointing
out that what we observe here is not simply a spin reorien-
tation transition in the conventional sense, i.e., a transition
driven by competing anisotropies. In our case the change
occurs in both the magnitude of the anisotropy constant and
the direction of easy axis of the magnetization, and, crucially,
is driven by a simultaneous structural phase transition.

The final issue is the origin of this structural transition.
The absence of such a transition in other LnysAE()sCoO;5
cobaltites [Ln=La, Nd, Gd, Sm, or Eu, and AE=Sr, Ca, or
Ba (Refs. 11, 22-24, 29, and 33-39)] implies some involve-
ment of the Pr ion itself. In agreement with Troyanchuk et
al.?’ we hypothesize that the unusual tendency of Pr 4f or-
bitals to hybridize with O 2p orbitals?’*6 leads to Pr playing
an active role in the Pr;_ . Sr,CoO5 bonding. This hybridiza-
tion effect is in fact well known in high-temperature super-
conductivity and is responsible for the fact that
PrBa,Cu;0_sis the only nonsuperconducting member of the
LnBa,Cu;0;_; family.*® Our hypothesis was tested via mea-
surement of the magnetic transition temperature, 7, at 11
compositions in the (La;_,Pr,), 5St sCoO; series. The results
[Fig. 5(f)] are remarkable; T, is found to increase from zero
at y=0, reaching 30 K already by y=0.10, eventually satu-
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rating at 120 K at y=1.0, i.e., the data confirm that the pres-
ence of even small Pr concentrations leads to onset of the
effect. The important role played by Pr-O bonding in PSCO
is further evidenced by the T dependence of the Pr-O bond
lengths [Fig. 5(d)]. At T>T, the three inequivalent Pr-O1
bond lengths in the monoclinic Pr-O planes [see Fig. 3(a)]
differ by as much as 0.4 A. The situation changes dramati-
cally on cooling. Although the intermediate Pr-Ol bond
length remains approximately constant, the largest bond
length undergoes a large decrease (7.1%) and the smallest
undergoes a large increase (5.7%). In essence, there is a
strong tendency to equalize the three inequivalent Pr-Ol1
bond lengths below T, consistent with the concept that Pr-O
bonding plays an active role in dictating the crystal structure
rather than simply adapting to the structure dictated by the
bonding in the network of corner-sharing Co-O octahedra.
The transition at 7, thus arises due to competition between
the Pr-O covalent bonding (which drives equalization of the
Pr-O1 bond lengths) and the usual cooperative distortion of
the Co-O octahedra required to accommodate tolerance fac-
tors less than 1 (which necessarily requires disparate Pr-O1
bond lengths). Such a picture also provides an explanation
for the localization of this transition to 0.35<x<0.65 [Fig.
3(b)]. The key point is that PSCO has been observed to be
orthorhombic for x=0.30 (Ref. 40) (consistent with this
work) and simple cubic at x=0.67 (Ref. 42) and 0.80.40*3 As
shown in Fig. 3(b), the region 0.35<x<0.65 over which T,
is found to be nonzero thus corresponds to the region of
stability of the monoclinic phase, strong evidence that this
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lower symmetry is essential for this type of structural transi-
tion. This is consistent with our argument that initially
strongly distinct Pr-O bond lengths are required, as present in
the monoclinic structure.

In summary, we have provided a complete explanation for
the anomalous magnetic properties of the doped perovskite
cobaltite Pr;_,Sr,CoO;. This is based on the observation of a
coupled structural/magnetocrystalline anisotropy transition
where a Pr-O hybridization-driven change in lattice param-
eters results in a sharp change in both the magnitude of mag-
netocrystalline anisotropy and direction of easy axis of mag-
netization. This picture provides a consistent explanation for
all phenomena including the field and temperature depen-
dence of the magnetization, the absence of transport anoma-
lies, the behavior of the specific heat, and the doping depen-
dence of the transition. Our results emphasize the dominant
role played by magnetocrystalline anisotropy in the cobal-
tites and constitute the first step in unraveling the physics
that arises from the general interplay between magnetic an-
isotropy and structure in these materials.
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