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Low temperature Mn K-edge x-ray magnetic circular dichroism and x-ray diffraction measurements

were carried out to investigate the stability of the ferromagnetic ground state in manganite

La0:75Ca0:25MnO3 under nearly uniform compression using diamond anvil cells. The magnetic dichroism

signal gradually decreases with pressure and disappears at 23 GPa, and meanwhile a uniaxial compression

of MnO6 octahedra along the b axis is observed to continuously increase with pressure and become

anomalously large at 23.5 GPa. These changes are attributed to a ferromagnetic-antiferromagnetic

transition that is associated with orbital ordering at high pressure.
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Pseudocubic perovskite-type manganites have received
renewed interest since the discovery of the colossal mag-
netoresistance phenomenon [1]. However, a complete
understanding of the physics underlying manganite prop-
erties at the microscopic level has not yet been achieved,
mainly due to the complexity arising from the competition
between double exchange and superexchange, as well as
the interplay between magnetic ordering, orbital ordering,
and Jahn-Teller effect [2–6]. The multitude of competing
ground states can be tuned or manipulated with external
stimuli, such as temperature and pressure, and electric or
magnetic fields. Among these, the effect of pressure still
remains unclear.

Recently, theories have suggested that the decrease in
Curie temperature (Tc) and insulator-metal transition tem-
perature (TIM) with pressure [7] may originate in the
increase of the strength of superexchange-mediated
AFM interactions among t2g electrons [8]. Accordingly, a

FM-AFM transition could possibly be induced at higher
pressures, motivating our study in an extended pressure
range using high-pressure x-ray magnetic circular dichro-
ism (XMCD) [9–11] and x-ray diffraction experiments. In
this Letter we report on the stability of the magnetic ground
state of La0:75Ca0:25MnO3 up to 27 GPa at low temperature,
significantly extending the pressure range beyond that of
previous studies [12–17]. We observe that the ferro-
magnetic state becomes unstable with pressure and dis-
appears at 23 GPa, a transition that is correlated with a
uniaxial compression of MnO6 octahedra along the
b axis. These changes are attributed to a transition from
an orbitally disordered, F-type FM phase to an or-

bitally ordered, A-type AFM state, which arises from the
preferential occupation of eg x2-y2 orbitals over 3z2-r2

orbitals upon compression.
The XMCD measurements were performed at undulator

beam line 4-ID-D of the Advanced Photon Source (APS),
Argonne National Laboratory [18]. The method of the
sample’s synthesis is similar to that given in Ref. [19].
Samples were finely ground and mixed with silicon oil
pressure-transmitting medium then loaded into a piston-
cylinder membrane-driven CuBe cell with perforated dia-
mond anvils [18]. Pressure was calibrated using the fluo-
rescence shift of ruby powders loaded with the sample,
accounting for temperature correction [20]. In the ex-
periments, the energy of the incident x-ray beam was
scanned through the Mn K absorption edge (6539 eV) to
acquire both the x-ray absorption near edge structure
(XANES) and XMCD spectra. Data were collected be-
tween 2.0 and 23.0 GPa at 13 K in a H ¼ 0:6 T applied
field. The x-ray powder diffraction experiments were
conducted at sector 16-ID-B station of the HPCAT sector,
Advanced Photon Source, Argonne National Laboratory,
using a monochromatic beam (E ¼ 30:43 keV). Fine
powder samples were loaded with ruby pressure standard
and helium pressure medium in a Mao-type symmetric
diamond anvil cell, which is loaded in a cryogenic stage
that provided a minimum temperature of 40 K. The dif-
fraction patterns were collected using a MAR165 CCD
(pixel size 79� 79 �m2), and the exposure time was
typically from 600–1200 s. FIT2D [21] and GSAS [22]
programs were used to process and fit the diffraction data,
respectively.
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Figure 1 shows normalized XANES and XMCD spectra
collected at 2.0 and 23.0 GPa, respectively. Line shapes of
spectra are in good agreement with previously reported Mn
K-edge data on a similar compound (La0:67Ca0:33MnO3) at
ambient conditions [23]. Figure 2 shows pressure depen-
dent XMCD data. The strength of XMCD decreases mono-
tonically with pressure and becomes indistinguishable
from the noise at�23 GPa, as seen in the plot of integrated
XMCD intensity in Fig. 2. It is generally accepted that the
spin polarization of 4p states probed in the K-edge dipole
transition arises predominantly from onsite and intersite
exchange interactions with polarized 3d states [24–30],
and therefore, changes in 3d polarization directly affect
the K-edge XMCD. Even though the XMCD magneto-
optical sum rule for the K edge only relates to the expec-
tation value of the orbital angular moment per 4p hole [30],
it is reasonable to argue that the overall strength of Mn
K-edge XMCD should be proportional to the ordered, net
3d magnetic moment of the sample. The reduction in the
K-edge XMCD of Mn sites indicates that this ordered FM
moment decreases with pressure, to vanish at �23 GPa
where the XMCD signal and long-range FM ordering
disappears. We note that changes in the intersite, 3d-4p
hybridization alone cannot explain the reduction in XMCD
since such hybridization is expected to increase with pres-
sure and would have resulted in an increase of the XMCD
signal in the absence of a reduction in the ordered FM 3d
moment. Upon pressure release the XMCD signal recovers
to its corresponding strength at ambient pressure (Fig. 2)
indicating that the magnetic transition is reversible.

Figure 3 shows the diffraction results collected between
13.0 to 26.9 GPa, at T ¼ 40 K. The structural refinements
indicate that La0:75Ca0:25MnO3 retains its Pnma perovskite
structure within the investigated P-T range, and no dis-
continuity is observed in the P-V curve (Fig. 3). However,
an anomalous change in lattice strain and Mn-O1=Mn-O2

bond-length ratio was observed at 23.5 GPa, as shown in
Figs. 3(b), a similar P-T condition at which the XMCD

signal disappears. This indicates the magnetic transition is
correlated with a structural change. Though XMCD alone
does not unambiguously demonstrate that the zero-net
moment state displays AFM ordering, the concomitant
structural changes revealed from diffraction measurements
provide important clues to decipher the magnetic state
above 23 GPa, as discussed below.
The magnetic ordering within the MnO2 plane (or ac

lattice plane) and between MnO2 planes (along b axis) is
determined by the competition between the AFM super-
exchange between the core t2g electrons and FM double

exchange through the itinerant eg electrons. The strength

of double exchange in the MnO2 plane or between the
planes depends on the occupancy of the eg orbitals because

of anisotropic hopping, which is affected by the amount of
strain in MnO6 octahedra [31]. It is known that the ground
state of La0:75Ca0:25MnO3 is stable in an F-type FM struc-
ture with a negligible lattice strain below the Curie tem-
perature at ambient pressure, and no orbital ordering has
been observed so far. This suggests that the two eg orbitals

(x2-y2 and 3z2-r2) remain nearly degenerate and equally
populated [32].
However, with increasing pressure, a uniaxial compres-

sion of the MnO6 octahedra along axis b is observed. The
strain for the distortion can be measured from three pairs of
nonequivalent Mn–O bonds in MnO6 octahedra: Mn-O1,
along the b axis, and twoMn-O2 bonds within the ac plane
(Fig. 4). At high pressures, the strain increases. It reaches
2.3% at 13.0 GPa, 3.9% 23.5 GPa, and 6.1% at 27.0 GPa,
respectively, as shown in Fig. 3(b). With such a large strain
inMnO6, theMn-eg orbitals are no longer degenerate. The

significant contraction of the Mn-O1 distance raises the
energy of 3z2-r2 orbitals relative to that of x2-y2 orbitals

FIG. 1 (color online). Normalized XANES and XMCD data
for La0:75Ca0:25MnO3 at 13 K collected at 2.0 and 23.0 GPa. The
XMCD peak intensity is about 0.1% of the absorption jump.

FIG. 2 (color online). Normalized XMCD data of manganite
La0:75Ca0:25MnO3 collected at 13 K from 1 bar to 23.0 GPa. The
inset shows the intensity of overall XMCD strength versus
pressure. [‘‘1 bar (Rel)’’ is taken after pressure release; ‘‘1 bar
(Amb)’’ is taken at ambient conditions].
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and a change in the angular distribution of eg electrons

ensues, the eg electrons preferentially occupying x2-y2

orbitals. As a result, the eg electrons in x2-y2 orbitals

enhance the double exchange within the MnO2 planes
favoring FM ordering. In contrast, as the 3z2-r2 orbitals
become unoccupied, the coupling betweenMnO2 planes is
mediated by the superexchange interaction between local-
ized t2g states, favoring AFM ordering. Consequently, an

A-type AFM structure is stabilized at high pressures, as
shown in Fig. 4. We note a center of inversion is preserved
at the Mn site even in the strained state (tetragonal dis-
tortion). Hence, on-site 4p-3d mixing remains small and
does not change significantly under pressure, consistent
with the absence of a preedge feature in the XANES
even at the highest pressures (Fig. 1). The shift in the Mn
K absorption edge with pressure, totaling �0:85 eV at
23 GPa (Fig. 1) is due to the compression of MnO6

octahedra and related shortening of multiple scattering
pathways, in agreement with Natoli’s rule and similar
findings in LaMnO3 [34].

Recent theoretical calculations by Nanda and Satpathy
[33] predicted that a critical splitting energy E3z2-r2 �
Ex2-y2 ¼ 0:15 eV (corresponding to 0.75% strain forMnO6

octehedra) is needed to trigger a transition from an
orbitally disordered F-type FM phase to an
orbitally ordered A-type AFM phase. According to the
pressure dependence of strain [dashed line in Fig. 3(b)],
the transition is predicted at a pressure of �2 GPa.
Additional evidence in support of this picture is found in

recent high-pressure, neutron diffraction experiments
where an A-type AFM phase was indeed observed to
grow within a pure F-type FM phase at 1.5 GPa and
150 K, with the volume fraction of the AFM phase increas-
ing with pressure [17]. Within the investigated P-T con-
ditions (0–4 GPa, and 12–298 K), a significant uniaxial
anisotropic compression of MnO6 octahedra along the b
axis was also observed [17]. The appearance of an A-type
antiferromagnetic phase in F-type ferromagnetic
La0:75Ca0:25MnO3 at such an early compression stage is
indicative of a nucleation and growth process, as well as
related electronic phase separation, perhaps due to inho-
mogeneous local strain. Though the nature of the FM-AFM
transition could be first order within a single domain, the
averaged strain measured in a mixed phase could gradually
change with pressure, and it would depend on the growth
rate of the AFM phase. The gradual decrease of XMCD is
associated with an increase in the volume fraction of the
A-type AFM phase under pressure. The sudden change in
strain and the disappearance of XMCD at �23 GPa rep-

FIG. 4 (color online). (a) MnO6 octahedra at unstrained and
strained conditions. The filled eg orbitals are occupied by

electrons, while the opened eg orbitals are not occupied by

electrons; (b) the structure models for F-type and A-type mag-
netic ordering. The arrows inside orbitals indicate the spin
direction of d electrons.

FIG. 3 (color online). (a) Structure refinement of diffraction
patterns at 13.0 GPa 40 K with the program GSAS; (cross:
measured pattern; line: calculated pattern; black tick: position
of peaks; line below tick: difference between calculated and
measured patterns). The inset is a plot of pressure versus volume.
(b) The strain for lattice and MnO6 octahedral versus pressure.
(For Pnma, we set lattice parameter as b > c > a.) The dashed
line is an estimated pressure dependence of strain, equal to
0:00131� Pþ 0:005. Mn-O1 and Mn-O2a, Mn-O2b represent
the bond length. The Mn-O2 bond length is averaged from
Mn-O2a and Mn-O2b bond length within the ac plane (Fig. 4).
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resents the completion of the FM-AFMmagnetic transition
in the whole sample.

In conclusion, we find a monotonic decrease of the total
ferromagnetic moment as a function of pressure combined
with an anisotropic distortion of MnO6 octahedra leading
to A-type orbital ordering. The predominant effect of the
applied external pressure is to increase the strength of the
superexchange interaction relative to the double exchange
[8]. As a result, the system tends to increase the number of
AFM bonds by decreasing the dimension of the FM region
from 3 (F-type) to 2 (A-type). This directly leads to a
strong decrease in hopping integral in one direction, and
a concomitant increasing in the population of planar x2-y2

orbitals. The resultant nonuniform electron density couples
to the lattice via the Jahn-Teller effect causing a strained
distortion even under a uniform pressure. This explanation
is in agreement with the theoretical prediction of a general
sequence of FM ! A-AF ! C-AF ! G-AF under uni-
form compression in La1�xSrxMnO3 [31].
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