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Abstract
Evolution of the Mn K-edge x-ray absorption near edge structure (XANES) in Pr0.6Ca0.4MnO3

at pulsed magnetic fields has been investigated. A small enhancement of XANES spectra is
detected across the magnetic-field-induced transition from the charge- and orbital-ordered
(COO) insulator to ferromagnetic metal at 20 K. It is found that the magnetic-field dependence
of the enhancement shows clear hysteresis, as seen in the magnetization with metamagnetic
transition, suggesting a significant correlation between the change in the XANES and the
field-induced collapse of the COO state. The enhancement of the absorption can be explained
by an increase of the 4p density of states due to a reduction of hybridization between the 4p
state of the central Mn ion with the core hole and the neighboring Mn 3d state. Local structural
change around Mn ions is expected to modify the strength of the hybridization.

1. Introduction

The doped perovskite manganites R1−xAx MnO3 (R is a
trivalent rare-earth ion and A is an alkaline-earth divalent
ion) have been intensively investigated due to a wide range
of interesting properties, such as colossal magnetoresistance
(CMR), charge ordering, orbital ordering, and Jahn–Teller
distortion [1–9]. For instance, La1−x CaxMnO3, which is
one of the most intensively studied manganites, exhibits a
paramagnetic (PM) insulator to ferromagnetic (FM) metal
transition upon cooling in a broad range of doping (∼0.2 <

x < 0.5) [2]. Such an insulator–metal transition is
usually explained within the framework of double exchange-
like mechanisms [10] based on the exchange of eg electrons
between Mn3+ and Mn4+ ions. The electron transfer integral

between the Mn ions is increased when the localized t2g

spins align ferromagnetically. Thus, the electronic state is
significantly correlated with the PM–FM transition [11].

It was, however, also proposed that in addition to the
standard double exchange mechanism a strong electron–
phonon interaction arising from the Jahn–Teller effect plays a
crucial role [12–14]. At the atomic level, the MnO6 octahedron
is distorted significantly in the PM state due to the Jahn–
Teller effect of Mn3+, resulting in the splitting of Mn–O
distances into four short bonds and two long bonds. This
local distortion was intensively studied in La1−x Cax MnO3 by
x-ray absorption spectroscopy (XAS) [5–7, 15–17]. The XAS
shows that the local distortion is correlated with polarons and
nearly removed in the FM state [15–17]. Apart from the Mn–
O bond distance, the tilting of the MnO6 octahedron can be
correlated with the insulator–metal transition. The transfer of

0953-8984/09/016006+05$30.00 © 2009 IOP Publishing Ltd Printed in the UK1

http://dx.doi.org/10.1088/0953-8984/21/1/016006
mailto:ymatsuda@issp.u-tokyo.ac.jp
http://stacks.iop.org/JPhysCM/21/016006


J. Phys.: Condens. Matter 21 (2009) 016006 Z W Ouyang et al

the eg electron depends on the Mn3+–Mn4+ bond angle through
the hybridization between the Mn 3d and O 2p orbitals [18].

Although there have been number of XAS studies of man-
ganites on the transition from the charge-ordered or paramag-
netic insulator to ferromagnetic metal state, there is not a wide
variety of the materials, i.e. only the La1−x CaxMnO3 system
has been intensively studied [5–7, 15–17]. Reports on other
manganites are found to be limited [3, 19]. It should also be
noted that most of the XAS studies have focused on the ex-
tended x-ray absorption fine structure (EXAFS) region. The
absorption near edge region, where the density of state of the
final state of the absorption is directly reflected [20, 21], has
only been investigated in detail in a few reports [3, 4]. The
electronic as well as the local structural changes would appear
in the x-ray absorption near edge structure (XANES), in con-
trast to information of only the local structure available from
EXAFS spectrum.

In this paper, we have studied high-magnetic-field Mn K-
edge XANES of near half-doped manganite Pr0.6Ca0.4MnO3.
Pr1−x Cax MnO3 is known to have the charge- and orbital-
ordering (COO) state in broad Ca composition 0.3 < x <

0.75 [22]. Based on the temperature-field (T –H ) phase
diagram in [8], Pr0.6Ca0.4MnO3 undergoes the COO transition
at TCOO ≈ 235 K at zero field. As temperature is decreased,
antiferromagnetic (AFM) spin ordering and canted AFM
ordering take place at TN ≈ 170 K and TCA ≈ 40 K,
respectively. With application of magnetic field, the insulator
state below TCOO can be transformed into the FM metal
state accompanied by collapse of the COO state [8]. We
have investigated the change in the electronic structure of
Pr0.6Ca0.4MnO3 by comparing the spectrum line shape of the
Mn K-edge XANES at various magnetic fields. The magnetic-
field dependence of XANES has been less studied than the
temperature dependence in manganites. In this work, we found
that the XANES slightly enhances in the COO insulator to FM
metal transition and its field variation shows clear hysteresis,
as seen in the metamagnetic transition. To the best of our
knowledge such a distinct correlation between the XANES and
the COO–FM transition has never been reported previously
in any manganites. The enhancement of the Mn K-edge
absorption suggests an increase in the density of states of 4p
electrons of Mn ions, resulting from the reduction of the 4p–3d
hybridization of the neighboring Mn ions.

2. Experimental procedure

A single crystal of Pr0.6Ca0.4MnO3 was grown by the floating-
zone method, as described in [8]. The crystal was pulverized
and diluted by epoxy resin to obtain the appropriate absorption
jump (µt = 0.5–1, where µ is the absorption coefficient of the
x-ray and t is the sample thickness) at the Mn K-edge. The Mn
K-edge XANES measurements were performed on the NW2A
beamline [23] of the Photon Factory Advanced Ring, Tsukuba,
Japan. A direct transmission method using a wavelength-
dispersive spectrometer (the so-called DXAFS spectrometer)
was used [24]. Reproducibility of the measurement is
much improved by using a DXAFS spectrometer because no
mechanical operation is needed. A miniature pulsed magnet

Figure 1. Schematic setup for the XANES installed at the NW2A
beamline of PF-AR. Left and bottom shows the relationship among
the x-ray structure, the XSTRIP frame, and the pulsed field. The
pulsed field was applied from frame 6.

was used for the generation of magnetic fields [25, 26].
A silicon microstrip-based x-ray detector (XSTRIP) [27]
composed of a series of frames was used so that the spectrum
in each frame could be recorded in parallel in time-dependent
magnetic fields.

Figure 1 shows a schematic diagram of the experimental
setup, where the miniature pulsed magnet was installed into
the spectrometer. The left and bottom of figure 1 shows the
time chart of the x-ray pulses, the XSTRIP scan-frames and
the pulsed magnetic field, as well as the related parameters.
The recording was started by a trigger pulse created by one
of the x-ray pulse. The number of x-ray pulses included
in the N th (N = 1, 2, . . .) scan-frame (100 µs width) was
kept constant during the following measurements. The pulsed
magnetic field had a duration time of ∼1 ms and a maximum
of 12 T at 0.4 ms, as shown later in figure 4(a). The pulse
was tuned so that the field started at frame 6, reached a
maximum at the center of frame 9 (114.4 × 3.5 = 0.4 ms),
and reduced to zero at frame 14. Thus, the change in the
field in frame 9 was smaller (∼0.2 T) than in the other
frames, which was important for a stable XANES experiment.
The final XANES spectrum was obtained by the statistical
average after approximately 50 magnetic-field pulses. The
combination of a DXAFS spectrometer, a pulsed magnetic field
and a fast detector XSTRIP enables us to make very accurate
measurement without any thermal or mechanical fluctuation
in timescales longer than 1 ms which is the duration of the
pulsed field. This sort of field-modulation technique allows us
to detect a tiny change of spectrum by magnetic field.

The magnetization measurements were also performed to
investigate the critical field of the insulator to metal transition
because a critical field for the field-induced transition would be
dependent on the field sweep rate.

3. Results and discussion

The magnetization (M) curve measured in a pulsed magnetic
field (H ) exhibits clear metamagnetic transition in both H -
increasing and H -decreasing processes, as can be seen from
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Figure 2. Temperature-and magnetic-field phase diagram of
Pr0.6Ca0.4MnO3 deduced by XRD (the intensity for (220)
reflection) [25] and magnetization measurements in pulsed magnetic
fields. The solid lines are guides to the eyes. The area between the
lines shows the magnetic hysteresis region.

the 6 K data shown in the inset of figure 2. The critical field
for the transition is deduced by the peak position of dM/dH .
Figure 2 shows that the critical field for the COO insulator
to FM metal transition in the H -increasing process (Hin) is
slightly larger than that reported earlier [8], which is clear
at low temperatures, whereas the critical field for the metal–
insulator transition in the H -decreasing process (Hde) exhibits
an inverse variation. In figure 2, we also plot the critical fields
obtained by the previous x-ray diffraction (XRD) experiment
in pulsed magnetic fields [25]. The hysteresis region between
Hin and Hde is larger than that of the magnetization data.
This is easy to understand recalling that in the magnetization
measurement, the typical field sweep rate at Hin was 5 T ms−1,
while it was 100 T ms−1 for the XRD measurement. In the
present work, the pulsed field has a sweep rate of ∼30 T ms−1

at Hin and an intermediate critical field is expected, as shown
by the guides to the eyes in figure 2. At 20 K, µ0 Hin and µ0 Hde

are estimated to be 8.5 T and 1.0 T, respectively.
Figure 3 shows the 20 K XANES spectra of Pr0.6Ca0.4

MnO3 at zero field (frame 3) and 12 T (frame 9), the maximum
of the pulsed field. The sharp main edge peak is found at
6.554 keV and another peak is at an energy position higher by
about 14 eV. This two-peak structure is common in manganites
and reflects the broad density of state (DOS) of Mn 4p [21].
Since the spectrum measured using the dispersive method is
sensitive to the homogeneity of the sample and our powder
sample has some inhomogeneity, the fine structures such as
the preedge peak [4] expected at the lower energy region of
the main edge are smeared out in the present work. When
a field of 12 T, which is much larger than the critical field
(µ0 Hin = 8.5 T) required to induce the insulator to metal
transition, was applied, the shape of the spectrum is still quite
similar to that at zero field. A close scrutiny reveals that the two
peaks in the spectrum are slightly enhanced at 12 T compared

Figure 3. Bottom and left axes: the 20 K XANES measured at zero
field (frame 3) and 12 T (frame 9). Bottom and right axes: difference
between zero-field data and 12 T data.

Figure 4. (a) The pulsed magnetic field consists of a series of
frames, each having duration of 100 µs. In each pulse, the field starts
increasing at frame 6, reaches a maximum at frame 9 and reduces to
zero at frame 14. (b) Differences between zero-field XANES (frame
3) and those recorded at different fields (frames 4–16) at 20 K.

to that at zero field. Although the difference is quite small,
as shown in figure 3, our measurement system can detect this
small change with high stability. On the other hand, we found
no clear shift of the peaks by applying magnetic fields.

Figure 4 shows the difference of the absorption spectrum
between zero-field data (frame 3) and those recorded at
different fields (frames 4–16). No difference of absorption
is detected from frames 4 to 6 where the magnetic field is
zero or lower than the critical field µ0 Hin ≈ 8.5 T. From
frame 7, the field at the frame center approaches Hin and
a significant difference of the spectrum is observed. With
increasing the field, the intensity of the differential spectrum is
enhanced and reaches a maximum at 12 T (frame 9). While
the field is removed, the differential spectrum is gradually
reduced and nearly disappears below the other critical field
µ0 Hde ≈ 1 T (frame 14). We note that, although the
magnetic field varies by 0.2–4 T within a scan-frame, the
central-frame-field dependence of the integrated intensity of
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Figure 5. Magnetic-field dependence of the integrated intensity of
the differential spectrum around the Mn main edge
(6.540–6.584 keV). The solid curves are guides to the eyes. The solid
arrows show the directions of the field change. The dotted arrows
denote the critical fields Hin and Hde deduced from figure 2.

the differential spectrum shown in figure 5 presents a clear
hysteresis, indicating that in both the H -increasing and H -
decreasing processes, the XANES data are in agreement
with the results of the XRD and magnetization experiments
(see figure 2). Thus, a reversible insulator–metal transition
accompanied by a large hysteresis is observed by the evolution
of the differential XANES spectrum with magnetic field.

A recent report on LaMnO3 revealed that in the lattice-
distorted PM state, an application of pressure can slightly
enlarge the XANES spectrum, which is correlated with a total
removal of the local Jahn–Teller distortion of the Mn sites [7].
This suggests that in Pr0.6Ca0.4MnO3, the enhancement of
XANES spectrum is also related to local distortion. However,
theoretical simulation of XANES in LaMnO3 at high pressures
only produces the enhancement of the main edge peak [7],
different from the experimental results where both the main
edge and the next peaks are clearly enhanced. Hence, other
effects (e.g. the hybridization effect) beyond the localized
pictures are required for understanding the change in XANES
when the Jahn–Teller distortion is removed.

As the hybridization between the 4p state of the central Mn
ion with the core hole and the 3d state of neighboring Mn ions
is significant [21] because of the large spatial extent of the 4p
wavefunction, it is not unreasonable to expect a change in the
4p–3d hybridization strength by removal of the local distortion.
The enhancement of XANES suggests the increase of the 4p
DOS, hence, the decrease of the 4p–3d hybridization. Since
the hybridization of Mn 3d with O 2p is expected to enlarge
in magnetic fields by reduction of the distortion and tilting of
the MnO6 octahedron, the decrease of the 4p–3d hybridization
in magnetic fields indicates that the 4p–3d hybridization of
neighboring Mn ions is caused by a direct overlap of the
wavefunctions not by the interaction through the O 2p orbital.

It is worth noting that in the CMR compounds
La1−x CaxMnO3 (∼0.2 < x < 0.5), a dip-peak structure with
2 eV splitting in the differential spectrum was observed below
TC [4]. Such a peculiar feature suggests that compared to
the edge structure at low temperatures (FM phase) the edge

Figure 6. (a) Zero-field XANES measured at 20 and 250 K.
(b) Temperature dependence of the differential spectrum calculated
by subtracting the 20 K data.

above TC (PM phase) is actually broadened [4]. For the
COO compounds (x > 0.5), a dip-peak structure similar to
that observed in the CMR samples was also observed in the
differential spectrum below TN but the phase is inverted [4].
The local distortion in the COO phase is enhanced compared
to the PM phase; the distortion in the latter being larger than
that in the FM phase. Thus, like the low-temperature high-
field phase (FM metal), the XANES in the zero-field high-
temperature phase (PM) should be enhanced compared to the
zero-field low-temperature phase (COO AFM). To clarify this
point, we finally examined the evolution of XANES through
the charge- and orbital-ordering transition at TCOO ≈ 235 K
by a conventional step-scan method at zero field. The result
shows that all the XANES spectra exhibit similar shape and
no significant shift of either the main edge structure (A) or
the preedge structure (B) is detected, as can be seen from the
20 K and 250 K data (figure 6(a)). Thus, the local electronic
structure of the Mn ion is essentially the same above and
below the charge-ordering transition temperature. In fact,
we tried to obtain a hysteresis loop similar to figure 5 from
XANES at different temperatures. However, it is difficult to
determine whether the XANES above TCOO is enhanced or not
because a slight movement of the sample caused by the thermal
contraction of the cooling devices leads to a small change in
the absorption depending on the position of the sample (see
figure 6(a)). To avoid the thermal effect, the main edge peaks of
all the XANES data are normalized and a differential spectrum
was evaluated by subtracting the data at 20 K, as shown in
figure 6(b). The resulting temperature-induced difference of
the spectrum exhibits a quite similar shape to that deduced in
the field-induced insulator–metal transition (figures 3 and 4).
Note that the normalized data shown in figure 6(b) are only
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an approximation. There is no such a problem for the data of
figures 3 and 4, where the temperature is stable.

A comparison between both the differential spectra reveals
that: (i) compared to the field-induced differential spectrum
the temperature-induced one presents a 5 eV-shift towards the
lower energy, the reason for which might be due to the change
of the lattice constants with temperature; (ii) the field-induced
differential spectrum is enhanced only when the magnetic
field exceeds the critical field Hin, while the temperature-
induced differential spectrum grows gradually with increasing
temperature. The latter originates from two aspects of
contributions. One is that the structural change at TCOO in
Pr0.6Ca0.4MnO3 can be a broad transition as was observed in
Pr0.5Ca0.5MnO3 [9, 28]. The other is that the change of the
distortion through TCOO itself might be small in magnitude, as
discussed above, and be difficult to detect experimentally.

4. Conclusions

We have reported the magnetic field and temperature
dependencies of the Mn K-edge XANES spectrum of nearly
half-doped manganite, Pr0.6Ca0.4MnO3, with the focus mainly
on the field dependence. The XANES spectrum is slightly
enhanced when the field exceeds the critical field required for
the COO insulator to FM metal transition. We found that the
magnetic-field dependence of the XANES enhancement shows
a large hysteresis effect, corresponding to the metamagnetic
transition observed by magnetization measurements. Such a
clear correlation of the K-edge XANES and magnetism has
been observed for the first time in manganites. Since the
DOS of 4p electrons in Mn should be affected by the COO–
FM transition that is closely related to the change in the local
distortion, the observed enhancement of XANES is due to
the change in the Mn 4p DOS. A slight reduction of the
hybridization between the 4p state of the central Mn ion with
the core hole and the 3d state of the neighboring Mn ions
can explain the enhancement of the 4p DOS. The obtained
magnetic-field variation of XANES is useful for clarifying
the interplay between the 4p and 3d electrons of Mn ions;
it is crucial for a better understanding of the resonant x-ray
scattering using the Mn K-edge transition. For quantitative
discussion, however, a theoretical simulation of the XANES
spectrum at high magnetic field is required.
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