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Here we present resonant soft x-ray diffraction data in the vicinity of the Mn L, 5 edges on R;_,7,MnO;
manganites (R=Pr, Nd and T=Ca, Sr) close to half doping. For PryCay,MnO; (PCMO), the energy depen-
dence of the superimposed orbital and magnetic reflections are studied using various incident x-ray polariza-
tions. For NdsSry sMnO3; (NSMO), the energy dependence of the orbital ordering reflection is found to be
very similar to that found in other manganites systems. These two results are compared to those presented in
the literature on single-crystal samples. Whereas our results are in good agreement with the spectral shape of
a superposition of magnetic and orbital signals in PCMO, the magnetic signals are only moderately larger than
the orbital signals. The results on NSMO do not agree with previously presented data on single crystals and
cast doubt on the proposed occurrence of a double-stripe orbital order.
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I. INTRODUCTION

During the last years doped manganites have attracted
considerable attention since they show a variety of electronic
and magnetic ground states. The complex phase diagrams as
a function of doping and temperature span the range from
phases with colossal magnetic resistance to charge and orbit-
ally ordered ground states.! The rich variety of states exem-
plifies the strong interactions between the magnetic and elec-
tronic degrees of freedom which are coupled to the crystal
lattice. At half doping, three-dimensional R,_,.7,MnO; (R
=Pr, Nd and T=Ca, Sr) perovskites are often antiferromag-
netic insulators with charge and orbitally ordered ground
states.” Though it has been found that the simple picture of a
full separation into Mn** and Mn** ions is too simplified and
the effective charge difference is smaller,>* this simplified
picture of charge and orbital order is still useful to describe
many properties of the materials around half doping. On the
other hand, it is very important to understand the electronic
states of the Mn subsystem in detail, in particular, in view of
the possible occurrence of Zener polarons>® and the obser-
vation of other interesting electronic properties such as of a
macroscopic polarization.’

Recently, resonant x-ray diffraction has been used to
study in detail orbital- and-charge order phenomena in
oxides,3"1% particularly in several manganite systems.*!-1?
The half doped manganites were studied in the hard x-ray
regime, where it was found that the resonant process, involv-
ing virtual transitions from the core ls to the 4p states of
Mn, mainly probe the charge and orbital order indirectly.!>!4
Such nonmagnetic resonant diffraction signals from space-
group forbidden reflections are also called anisotropic tensor
of susceptibility (ATS) scattering.

Resonant soft x-ray diffraction at the Mn L, ; edges di-
rectly probe the Mn 3d states due to a transition from the
2p1/2s 2p3;» to the Mn 3d states, for the L; and L, edges,
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respectively. The “half doped” materials treated in these
studies, are (a) the 3d perovskites PrycCay,Mn0O;,'
Nd, 55ty sMnO3,'® (b) the A-site ordered SmBaMn,0q,'7 (c)
single layer LagsSrysMnO,,'82! and (d) double layer
LaSr,Mn,0,.22 The soft x-ray investigations included the
measurement of an orbital superlattice reflection as a func-
tion of energy at the Mn L, ; edges. The observed energy
dependences for the different materials exhibit significant
differences as well as some similarities. The energy spectra
of the reflections indicate different types of orbital order,?>>*
and differences observed in their temperature dependence in-
dicate different thermal behaviors in LajsSr; sMnO, of the
orbitals on the one hand and the Jahn-Teller distortion on the
other.'8

Here we are concerned with two materials close to half
doping, PrysCayp,MnO; (PCMO) and Nd,sSrysMnO;
(NSMO). For the slightly less than half doped cubic
Pr;_,Ca MnQs;, it is well known that the charge- and orbital-
order state is more stable compared to other rare earths' and
the material remains insulating. Resonant hard x-ray diffrac-
tion demonstrated the orbital- and charge-ordered ground
state of the material, though resonant diffraction at the
K-edge is an indirect method to access the ordering. Reso-
nant soft x-ray diffraction on Pry¢Cay4MnO; found that the
orbital order is more short range than the magnetic order and
that there is a shift in spectral weight between the magnetic
and orbital reflection by approximately 3 eV."> This is par-
ticularly interesting since for half doped LajsSr; sMnOy,
there is no such shift. The antiferromagnetic phase transition
depends on the effective doping and the magnetic structure is
canted, noncollinear,” leading to an overlap of magnetic and
orbital intensities observed in the soft x-ray resonant diffrac-
tion experiment. At lower temperatures an additional mag-
netic spin reorientation transition was reported.’

Half doped Nd, 5Srg sMnOs lies closer to the metallic state
and therefore is in the regime where phase-separation effects
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FIG. 1. (Color online) One-dimensional integration of the CCD images, with approximately constant ¢, for the (0 1/2 0) reflections taken
with 7r-incident polarization. Left PCMO T=25 K with binning of 10 points, right: NSMO 7=20 K with binning of 20 points. Data are

taken at an x-ray energy of 643 eV.

play a role.?® A resonant soft x-ray study'® found that both
the (1/2 0 0) and the (0 1/2 0) reflections have an orbital
contribution at the Mn L, ; resonances. The analysis of these
reflections at resonance was performed in terms of an orbital-
bi-striped order model and implied a significant (orbital)
charge asphericity occurring at the “Mn*" sites. Interest-
ingly these two studies also found significantly different en-
ergy dependences of the orbital reflection; it would certainly
be interesting to clarify these differences as they have impor-
tant impact on the proposed electronic ground states of the
Mn ions.

Here, we show that high-quality resonant soft x-ray dif-
fraction spectra can be obtained on polycrystalline material.
We find that the magnetic and orbital signals, which for the
PCMO system are superimposed, have similar overall inten-
sities and confirm the 3 eV spectral-weight shift observed
previously. For the NSMO system at half doping, we find
that the energy dependence is very different compared to that
found previously with a single crystal but consistent with
that of the orbital signal in PCMO, A-site ordered
SmBaMn,Og and layered Lag sSr; sMnO,. This casts serious
doubt on the proposed double-stripe model for NSMO.

II. EXPERIMENTS

The samples of Pry¢Cay4MnO5 and Nd 5Sr) ;MnO5; were
synthesized by a solid-state reaction using PrqO;;, Nd,Os,
CaCOj;, SrCO3, and MnO, of a purity exceeding 99.99%.
The respective amounts of starting reagents were mixed and
calcinated at temperatures of 850—1300 °C during 120 h in
air with several intermediate grindings. Phase purity of the
synthesized compound was checked by Cu K« x-ray diffrac-
tion. Susceptibility was measured with a superconducting
quantum interference device (SQUID) and was found to be
similar as for these dopings in PCMO and NSMO published
in earlier studies. Resonant soft x-ray diffraction experiments
were performed on the RESOXS endstation®’ at the surfaces/
interfaces microscopy (SIM) beamline of the Swiss Light
Source of the Paul Scherrer Institut, Switzerland. A polycrys-
talline pellet of 10 mm diameter was glued onto a copper
sample holder mounted on a He flow cryostat and data was
collected between 10 and 300 K. Experiments were per-

formed using linear horizontally or vertically polarized light
leading, respectively, to - and o-incident photon polariza-
tion in the horizontal scattering geometry. Two-dimensional
data sets were collected with a commercial Roper Scientific
charge-coupled-device (CCD) camera mounted in the ultra-
high vacuum of 1.5 X 1078 mbar at 300 K. The images were
background corrected by subtracting an image taken 5° away
from the position in 26 of the powder ring.

III. RESULTS AND DISCUSSION
A. Pr0.6Cao'4MnO3

Integrations of the powder diffraction ring of PCMO and
NSMO at the Mn Ly edge are shown in Fig. 1. Since the
Bragg angle is of the order of 60° the curvature of the ring is
small, and an integration of approximately *=2° out of the
scattering plane, leads to negligible asymmetry in the
absorption-limited broadening of the reflections. The inte-
grated intensity of the reflection is obtained by an integration
of the image perpendicular to the scattering plane (Fig. 1). A
Lorenztian was used to fit the resulting peak. Note that this
integration has only a very small effect on the purity of the
incoming polarization, o or 7. The energy-dependent inte-
grated x-ray intensities for o and 7 incidence and for x-ray
fluorescence, collected from the background images, are
shown in Fig. 2 for the (1/2 0 0)/(0 1/2 0) reflections. The
difference in the a and b lattice constants is too small to be
resolved directly in the experiment and the proposed mag-
netic (1/2 0 0) and orbital (0 1/2 0) reflections cannot be
simply separated. This also applies to the results obtained on
the single crystal.'> However, there the experiment, is per-
formed at given azimuth in contrast to the experiment on the
polycrystalline material here, which integrates over all pos-
sible azimuthal orientations. The peak with 7 incidence is
larger for almost all energies compared to that with o inci-
dence at low temperatures. This clearly indicates that there is
a significant magnetic contribution because for a magnetic
signal, /=1, due to the absence of a signal in the o—o
channel.”® Moreover, the spectra do not have identical shape,
indicative of more than one contribution to the scattering.
Notable differences include the shift of the main edge feature
of the Mn L; edge and the well-resolved peak at 639.8 eV for
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FIG. 2. (Color online) Orbital and magnetic reflections (0 1/2
0)/(1/2 0 0) of PrysCa4MnOs, taken at the Mn L, 3 edges at (a)
T=25 and (b) 110 K with different incoming polarizations (a),
lower part; x-ray absorption spectra [fluorescence, (a) upper part].
The vertical lines represent the positions of the magnetic (M) and
orbital (O) features at the Mn Lz edge as compared to the fluores-
cence data. (b) The spectra are vertically shifted for clarity.

m-incident radiation. A more careful comparison with the
spectra collected for the single crystal (Ref. 15) shows few
discrepancies with the single-crystal results. Assuming that
the intensity of the orbital contribution is the same for o and
m incident [as, e.g., found for LagysSr;sMnO,,'3-2!
Bi,_,Ca,Mn0;,> and SmBaMn,O¢ (Ref. 17)], the observed
spectra at low temperature can roughly be described by a
superposition of the spectra assigned to the magnetic and
orbital reflections obtained in Ref. 15. Here we label with M,
and M, the main magnetic features observed at the Mn L,
edge and with O, and O, the two main orbital features. From
such a superposition, one concludes that the orbital reflection
intensity is of the same order of magnitude as the magnetic
reflection, in strong contrast to the observation on the single
crystal, where an orbital signal was almost 2 orders of mag-
nitude weaker.

The feature M, appears exactly at the same energy as in
Ref. 15, which would support the proposed spectral weight
shift between the magnetic and orbital spectra. Figure 2
shows also the same spectra taken at 110 K, still below T,
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FIG. 3. (Color online) Temperature dependence of the magnetic/
orbital reflection of PCMO taken with - and o-incident radiation
at 643 eV. Also shown are a decomposition of magnetic (M) and
orbital (O) contributions by fits as explained in the text. The line is
a guide to the eyes for the orbital signals.

where there are clear changes in the spectra compared to 25
K. First there is little shift left between the o and 7 main L;
edge feature. Moreover, at this temperature the lowest-lying
spectral feature, M, is only weakly visible as a shoulder for
the m-incidence data. The spectrum for o incidence strongly
resembles more the orbital signal of the crystal data.'> In
addition, the intensity ratio of the o- and m-incidence spectra
is more close to unity at 110 K, further supporting a domi-
nant orbital signal occurring in the rotated light channel only.
The observed difference in intensity between the magnetic
and orbital signal, found to be approximately 2 orders of
magnitude for the single crystal,'> might be caused by the
particular azimuthal angle chosen. Alternatively, a slight
variation of the chemical composition and correspondingly a
different canting angle in the magnetic structure, would lead
to a different magnetic structure factor. This could lead to a
less intense magnetic signal in the (1/2 0 0) magnetic reflec-
tion below Ty. Based on such a scenario, we would expect a
smaller canting angle in our sample compared to Ref. 15.
The differences in the magnetic spectra compared to those
from La, sSr; sMnO,,'81%24 where there is no spectral-weight
difference of 3 eV between magnetic and orbital signal may
have the same origin. The different in-plane canting angle of
the magnetic moments in the two materials'*3* may lead to
different admixture of magnetic Mn®* and Mn** moment
contributions with individually different energy spectra.

The temperature dependence of the observed signal at
resonance is shown in Fig. 3 for both o- and 7-incident
polarizations. There are three transitions observed as pre-
dicted by the phase diagram of Ca-doped PCMO below half
doping. The charge and orbital transition are around 240 K
followed by the antiferromagnetic transition at 170 K. At low
temperatures, the magnetic reorientation transition is visible
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FIG. 4. (Color online) Magnetic and orbital reflections of
PCMO taken with o-incident radiation at 643 eV and different tem-
peratures decomposed of magnetic (M) and orbital (O) Lorentzians.
Positions highlighted by vertical lines.

at 70 K, with an increase in the canting angle, reflected by an
increase in the magnetic intensity. These transitions are also
observed in the magnetization as shown in the inset of Fig. 3.
Above Ty, the intensity of the (0 1/2 0) reflections is equal for
o- and m-incident radiation, indicating that the signal occurs
only in the rotated polarization channels. Note that the o-o
and -7 channels have different intensities as they depend
differently on the Bragg angle,' and have been shown to be
absent in other half doped manganties using polarization
analysis of scattered radiation.!” The high-momentum reso-
lution of soft x-ray diffraction allows us to disentangle the
two contributions. At high temperature the position repre-
sents the pure orbital (0 1/2 0) and the low-temperature peak
is a superposition of the magnetic (1/2 0 0) and orbital (0 1/2
0) reflections (see Fig. 4). Fitting the reflection with two
Lorenztians keeping extracted positions fixed of the (1/2 0 0)
and (0 1/2 0) reflections results in temperature dependences
of the orbital and magnetic contributions as shown in Fig. 3.
These results show that even though both reflection d spac-
ings differ very little (d=~0.03 A) in agreement with the
expected lattice constants determined by structural studies,>”
the individual intensities can be roughly separated. The in-
tensity ratio between magnetic and orbital reflections are 2.5
and 7 for o- and m-incident polarization, respectively, and
are much smaller as previously reported.'?

B. Nd, 51y sMnO; (NSMO)

For the NSMO system, the energy dependence of the (0
1/2 0) reflection is shown in Fig. 5 together with the fluores-
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FIG. 5. Energy dependence of the (0 1/2 0) orbital reflection
with 7r-incident radiation in Nd 5Sry sMnQOj3, taken at 20 K and with
m-incident radiation.

cence spectra extracted from the background intensities. The
expected difference in the a and b lattice constants!® is ap-
proximately 1.15% and the separation in 26 of (1/2 0 0) and
(0 1/2 0) is approximately 2.1°. Both reflection positions are
contained in the data window and therefore, the obtained
integrated data would reflect at least in part a superposition
of the two reflections. However, the experimental data do not
give support for the occurrence of the (1/2 0 0) reflection.
The energy spectrum is very different compared to the peak
maximum intensity of (1/2 0 0), (0 1/2 0) or a superposition
of these collected on a single crystal.'® In the raw spectra of
the single-crystal study, the fluorescence signal is contribut-
ing significantly to the signal. In contrast, in our powder
diffraction experiment we obtain the integrated intensity,
which inherently does not contain the fluorescence contribu-
tion. Moreover, additional broadenings due the changing
penetration depth®-* and refraction effects®3> are inher-
ently corrected for by the average over the powder grains as
its collected data represents ¢ scans. It is also interesting to
compare the energy dependence for the orbital reflection
with those of other half doped systems such as the previously
mentioned Pry4CagsMnO; for T7>Ty,'5 half doped
SmBaMn,0¢ (Ref. 17) and half doped single layer
Lag sSt; sMnO,:'°?! they all have quite similar energy de-
pendences. Except for some small distinct differences this
spectral shape therefore seems to be representative for half
doping. These differences have been used to differentiate!’
between x2-y2- and 3r2-z>-type orbital order for SmBaMn,Og
and Lag 5Sr; sMnO,."” To apply such arguments here, how-
ever, would require higher-quality data in which the indi-
vidual weak features can be precisely determined. The over-
all agreement on the spectral shape imposes a strong
constraint on the possible electronic states, the variation of
which is expected to be small, despite the different long-
range-ordered crystal structure of these materials.
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FIG. 6. Temperature dependence of the (0 1/2 0) orbital reflec-
tion in Nd5SrysMnOj; taken at the Mn L3 edge with 7r-incident
radiation.

The temperature dependence of the intensity of the main
edge feature at 643 eV is shown in Fig. 6. The orbital signal
disappears at the orbital-order phase transition at approxi-
mately 170 K. The intensity at this energy is the same for 7
and o incidence, which indicates that the diffracted intensity
is purely in the rotated channel, with no contribution in the
unrotated channel. As every point in the spectra represents an
average over all the possible azimuthal angles (powder aver-
age), this clearly supports the orbital origin or a so-called
ATS scattering. This scattering is a measure of the quadru-
pole of the Mn 3d shell caused by the orbital order of the e,
states.

A comparison with the PCMO spectra indicates that the
first feature in PCMO indeed occurs at lower energy com-
pared to the NSMO absorption spectra. The spectral differ-
ence between the (0 1/2 0) reflection from Ref. 16 could
possibly be understood by a stronger absorption correction to
the intrinsic energy dependence of the reflection caused by a
thin dead layer (not orbitally ordered) at the surface. This
would mostly affect the intensity at the main edge feature
(643 eV), where the absorption is strongest, and would lead
to a relative enhancement of the L, edges signal. Such an
effect may also be the origin of the differences observed?®? for
the LaSr,Mn,0, compared to the other orbital peaks in other
manganites. A surface degradation in manganites has already
been found in these double layer manganites.’® The broad
peak observed at the L, edge in Ref. 16 cannot be solely
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caused by the fluorescence signal and reflects an unidentified
scattering contribution, even for 7=180 K. In particular,
fluorescence is larger at the L; edge compared to L,, which is
nicely shown in Figs. 2 and 5. Therefore, the weaker and
broad features observed at the (1/2 0 0) reflection in NSMO
are not necessary caused by Bragg diffraction. Moreover, we
would like to mention that the difference of lattice constants
in a and b of NSMO would only lead to a different 26 of
2.1°, which is not sufficiently large to completely suppress
the second domain. Figures 1(a) and 1(b) show that the in-
trinsic width of the reflection is large due to the limited pen-
etration depth and we expect an approximately 20% contri-
bution of the (0 1/2 0) reflection at the (1/2 0 0) position. An
alternative scenario could be that there is an additional mag-
netic signal observed in the single-crystal study because our
first spectral feature at the L; edge lies slightly lower in
energy than the O, feature. These observations put into ques-
tion the interpretation of the observation of a resonant (1/2 0
0) reflection and correspondingly on a double-stripe ordering
in NSMO.'®

IV. CONCLUSIONS

Our resonant soft x-ray powder diffraction experiments on
Pry¢Cap4sMnO; and Nd, 551y sMnO; support orbital order of
the Mn 3d shell. They clearly support the occurrence of dif-
ferent signals in the PCMO, although the average over the
azimuthal angles is inconsistent with the previous results that
the magnetic signal is 2 orders of magnitude larger than the
orbital. This difference is possibly caused by a different cant-
ing angle of the magnetic moments. The results obtained on
half doped NSMO are consistent with the simple orbital- and
charge-order picture. They show that the orbital-order reflec-
tion at half doping has a characteristic energy dependence.
This result raises doubts on the data and interpretation of the
previous work on single crystals and does not support a
double-stripe orbital order. Moreover, our results indicate
that resonant soft x-ray diffraction can be easily and success-
fully performed also on powder materials.
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