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We have measured directional magnetic Compton profiles between �100� and �110� directions in a bilayer
manganite at 10 K. The two-dimensional spin momentum distribution of the Mn 3d state is reconstructed from
them. The result is examined in both terms of molecular orbital and band schemes. The eg type orbitals are
dominated by the x2−y2 type orbital. The occupation-number density in the k space obtained by the Lock-
Crisp-West folding is not explained only by the band picture, and suggests that a polaronic state of eg type
electrons coexists in the ferromagnetic metal phase below Tc.
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The perovskite manganites have provided intriguing sub-
jects since the discovery of colossal magnetoresistance
�CMR� phenomenon observed above a metal-insulator �MI�
transition temperature, Tc.

1 In addition, the manganites show
a complicated magnetic phase diagram, charge and orbital
orderings.2 The Mn 3d electronic state, which is split into eg

and t2g orbitals in the octahedral crystal field of MnO6, will
be responsible for the physical properties. So far, the ferro-
magnetic metal �FM� phase below Tc has been explained
based on the double-exchange �DE� mechanism where the
spin degree of freedom is taken into account.3 Through the
past experimental and theoretical investigations on the man-
ganites, the importance of the orbital degree of freedom,
which should be closely correlated with the lattice degree of
freedom, has been recognized as well as charge and spin
ones.4 Recently, Ramakrishnan et al. have proposed a new
theoretical model where a polaronic and broadband eg states
coexist in the FM phase, and systematically explained the MI
transition and the CMR effect.5 Miyaki et al. have also
pointed out the possibility of the coexisting state in another
theoretical approach.6 In accord with the theoretical works,
information of the eg orbital state involved with the Jahn-
Teller coupling and electron correlation effects will be a cen-
tral issue to understand the physical properties of this sys-
tem. In the study of orbital physics on the manganites,
magnetic Compton-profile �MCP� measurements have been
successfully employed to elucidate the orbital occupancy.7–9

In this paper, we report on the itinerant and localized features
of the eg orbital state through the two-dimensional spin mo-
mentum distribution �2D-SMD� reconstructed from several
1D MCP’s measured in a single crystal of ferromagnetic
La2−2xSr1+2xMn2O7 �x=0.35� at 10 K. The 2D-SMD is ex-
amined from viewpoints of k-space wave functions derived
both from molecular orbital and band calculations. The result
suggests the coexistence of polaronic and band states of eg
type electrons.

Within the framework of the impulse approximation,
MCP, Jmag�pz�, is defined as

Jmag�pz� =� � ��
i

��i↑�p��2 − �
j

�� j↓�p��2	dpxdpy , �1�

where pz is an electron momentum component in the direc-
tion of the scattering vector of x rays.10 The �i↑�↓��p� is a
k-space wave function of the ith electron with up-spin
�down-spin� in the initial state. The subscripts i and j go
through all occupied states.

The area of a MCP is proportional to the magnitude of the
spin magnetic moment in a ferromagnetic material, hence we
can evaluate electron numbers of occupied states. In addi-
tion, as shown by Eq. �1�, MCP directly reflects the wave
functions of magnetic electrons in the form of the double
integral of the difference in momentum density, ��i�p��2, be-
tween spin-up and spin-down electrons with respect to px
and py. Therefore, its shape directly depends both on the
orbitals occupied by magnetic electrons and observation di-
rections. If MCP’s are measured on a single crystal in many
directions, a 2D or 3D-SMD can be reconstructed from them,
resulting in the visualization of occupied states by magnetic
electrons. Although such a reconstruction study of MCP’s
has been performed only on a typical ferromagnet Fe,11 re-
cent progress of the synchrotron-radiation technique has
made it more practical.

The single crystal of La2−2xSr1+2xMn2O7 �x=0.35� was
melt-grown in a flowing oxygen gas in a floating zone opti-
cal image furnace.12 This system has a nearly two-
dimensional Brillouin zone because of a structural feature
where a MnO2 bilayer and a �La,Sr�2O2 blocking layer are
alternately piled up along the c axis. According to the mag-
netic phase diagram obtained by neutron-diffraction mea-
surements, the present sample shows in-plane ferromag-
netism below Tc that was determined to be 125 K from
magnetic susceptibility measurement.

MCP’s were measured on the beam line 08 W at
SPring-8, Japan. Elliptically polarized x rays emitted from an
elliptical multipole wiggler were monochromatized to
175 keV and incident on the sample. The scattered x rays
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with a scattering angle of 178.5° were energy analyzed by a
10-segmented Ge solid state detector. During the measure-
ment, an external magnetic field of ±2.5 T was alternately
applied along the measuring direction to reverse magnetiza-
tion in the sample. Each MCP was extracted as the difference
between the two Compton profiles measured on the same
sample magnetized in the opposite directions with a fixed
photon helicity.

Figure 1�a� shows MCP’s measured between the �100�
and �110� crystal axes at intervals of 9°. Each MCP was
corrected for sample absorption, scattering cross section, and
detection efficiency, and was folded at the origin and aver-
aged. The abscissa pz is taken to be parallel to each measur-
ing direction, and is represented in atomic units �a.u.�. The
overall momentum resolution was 0.45 a.u. in the present
measurement. The change in MCP reflects the orbital struc-
ture consisting of t2g and eg orbital contributions with
weighting factors of respective spin magnetic moments. Fig-
ure 1�b� shows a 2D-SMD reconstructed from the MCP’s.
The reconstruction analysis used here was the direct Fourier-
transform method.13 Each MCP in Fig. 1�a� was once
Fourier-transformed into a one-dimensional function B�r�.
Then, the interspaces between these functions are interpo-
lated to obtain a 2D or 3D B�r� function, the so-called recip-
rocal form factor. The inverse Fourier transform of B�r� pro-
vides the momentum density ��p� of magnetic electrons. In
the case of two-dimensional reconstruction, what one obtains
is equivalent to the integration of momentum density with
respect to the direction perpendicular to a view plane,
��px , py�=
��p�dpz. Therefore, Fig. 1�b� corresponds to the
projection of the spin momentum density of Mn-3d orbitals
on the �001� plane. The concaves around ±2 a.u. on p�100�
and p�010� axes and the deep hollow around the origin indi-
cate that holes are doped in the x2−y2 and 3z2−r2 orbitals.

As a first step, we have evaluated orbital occupancy as
follows: Since it is essential for the analysis of the orbital
state to take the hybridization between Mn-3d and O-2p or-
bitals into consideration, we calculated the MCP of each or-
bital along the observation directions using the wave func-
tions derived from an ab initio molecular orbital calculation
for �MnO6�8− cluster,7 and reconstructed them in the same

manner after convoluting with the experimental resolution.
The calculated 2D-SMD’s for x2−y2, 3z2−r2, and t2g type
orbitals were best fitted to the experimental one as shown in
Fig. 2, where the fully occupied t2g type orbital is treated as
the sum of equally populated xy, yz, and zx type ones. Since
the magnetization of this system originates from the spins in
Mn-3d orbitals under DE interaction, it will be reasonable to
consider the spin number as the occupation number in each
orbital. Therefore, the integrated intensity of the experimen-
tal 2D-SMD was normalized to a 3d electron number, 3.65,
estimated from the nominal hole concentration. Then, the
occupation numbers were determined from the integrated in-
tensity of decomposed 2D-SMD’s to be 0.39, 0.23, and 3.03
for x2−y2, 3z2−r2, and t2g type orbitals, respectively. The
occupation of t2g type orbital is almost 3. This ensures that
the calculated profiles reasonably describe the hybridized or-
bital state. In the FM phase, the dominance of the x2−y2

orbital in eg states has been pointed out by several theoretical
works.14–19 Among them, Okamoto et al. have parametrized
the eg orbital structure for ferromagnetic ordering with taking
account of the eg electron correlation and the energy level
splitting between x2−y2 and 3z2−r2 orbitals due to the Jahn-
Teller �JT� type distortion.15 According to this model, the
scope of the parameter is from 1 to −1. The values of 1 and
−1 mean the entire alignment of 3z2−r2 and x2−y2 orbitals,
respectively, and the value of 0 denotes that the two orbitals
are equally populated. In the range of 0.3�x�0.475, the
parameter tends to approach an optimal value with decreas-
ing temperature below Tc. The corresponding parameter was

FIG. 1. �Color online� MCP’s and 2D-SMD. �a� Directional
MCP’s measured between the �100� and �110� axes at intervals of
9°. The error bars indicate experimental statistical errors. �b� 2D-
SMD projected on the �001� plane through the reconstruction analy-
sis of the MCP’s. The 2D-SMD was obtained by the expansion of
the measured area according to the structural symmetry.

FIG. 2. �Color online� The 2D-SMD’s obtained by using the
result of molecular orbital calculation. The panels �a�, �b�, and �c�
show the 2D-SMD’s of x2−y2, 3z2−r2, and t2g type orbitals, respec-
tively. �d� The reproduced 2D-SMD by fitting the calculated 2D-
SMD’s to the experimental one.
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estimated to be −0.26 from the present fitting result. The
value is consistent with the theoretical value of −0.25 for x
=0.35.

In the next step, we have also compared the experimental
2D-SMD to a theoretical one based on a local spin density
approximation band calculation. In the calculation, we
adopted a virtual crystal approximation. The Sr atom was
replaced by the Ba atom, and then the La/Ba site was as-
sumed to be occupied by the virtual atom which has a
nuclear charge of 56.4. We also brought in a small U value,
i.e., Ueff=U−J=2 eV, for Mn 3d state to obtain a half me-
tallic state. Figure 3�a� shows the 2D-SMD of all the valence
bands contributing to magnetization reconstructed from the
calculated MCP’s after the same reconstruction procedure. It
appears very similar to the experimental one in whole. Then,
the Lock-Crisp-West �LCW� folding, which transforms the
momentum density to an occupation-number density in the k
space, was applied both to the experimental and calculated
2D-SMD’s.20 In metallic substances, a wave function is de-
scribed by the Bloch function with a period of crystal lattice.
Therefore, the band structure determined by the periodic po-
tential is naturally reflected in the momentum density. In the
case of two-dimensional analysis, the occupation-number
density is N�kx ,ky�=�Gx,Gy

��kx+Gx ,ky +Gy�, where the sum
runs over a series of reciprocal vectors �Gx ,Gy�. In this
study, both the experimental and calculated 2D-SMD’s were
divided by the size of �2� /a ,2� /a�, where a denotes a lat-
tice constant, and is 3.8587 Å �=7.2918 a.u.� for the crystal.2

Then, each piece was folded back into the projected first
Brillouin zone. Figure 3�b� shows both the experimental and
theoretical 2D-LCW densities in the reduced zone scheme.
The LCW map of t2g-like bands is considered to be almost
flat because of full occupancy, and thus the eg contribution is
emphasized in the figure. The electron pocket centering
around the � point and the strip-shaped area extended along
k�100� and k�010� axes are contributions from eg-like bands,
and hole pockets are found with L-shaped contour lines
around the X points. However, the Fermi edge jump, which
should appear as discontinuities in the LCW map, could not
be found within the present momentum resolution. In spite of
the similarity between the experimental and calculated 2D-

SMD’s, those LCW maps have a difference in density par-
ticularly around the points �±� /a ,0� and �0, ±� /a�. It is
hard to explain the high-density areas in the experimental
LCW map only by the present band picture. The difference is
likely to be caused by the molecular orbital with x2−y2 type
symmetry. In fact, the small but sharp peaks denoted by ar-
rows in Fig. 1�b� well reflect a feature of x2−y2 type molecu-
lar orbital, as can be also seen in Fig. 2�a�. The hybridization
effect appears on MCP as a periodic structure depending on
the Mn-O bond length. Such periodic contributions of mo-
lecular orbitals would draw some pattern, and be overlapped
with that of eg bands in the LCW map. Although the LCW
folding should be generally applicable to the momentum
density described by the Bloch state, we tentatively applied
the folding method to the 2D-SMD of x2−y2 type molecular
orbital. In consequence, a characteristic pattern was obtained
as shown in the lower right panel of Fig. 3�b�, and the pattern
well describes the high-density areas in the experimental
LCW map. The present result indicates that a part of eg elec-
trons forms a band structure, and the rest may stay in a
localized molecular orbital even well below Tc, suggesting a
localized polaron. So far, a number of experimental and the-
oretical studies have pointed out the existence of polaron in
this system. However, few experiments have referred to the
orbital character of the polaronic state. Neutron and x-ray
diffraction studies have observed charge and orbital order-
ings where the eg electrons alternately occupy the 3x2−r2

and 3y2−r2 orbitals, and considered the orderings as an or-
bital polaron.21–24 Although the ordering state disappears be-
low Tc, we attempted to apply the LCW folding method to
the 3x2−r2 and 3y2−r2 type molecular orbitals because MCP
measurements can observe such orbital states whether they
are orbitally ordered or not. The result substantially repro-
duces the high-density areas in Fig. 3. Therefore, it is also
conceivable that the polaronic state with a mixture of 3x2

−r2 and 3y2−r2 orbitals persists even after the collapse of
orbital ordering below Tc. The reason why the localized state
is described by the molecular orbitals would be related to the
above-mentioned theoretical model where the localized po-
laron coexists with bandlike electrons.5 In the model, the
polaron goes back and forth between two adjacent Mn sites.
This motion induces the ferromagnetic interaction between
the two sites, and is termed a virtual double-exchange pro-
cess. Since the MCP measurement is only sensitive to ferro-
magnetic electrons, such to-and-fro motion of eg electrons
would be observed as the molecular orbitals. In that sense,
the present observation is presumably a FM polaron. Recent
theoretical works, which are based on the 1D ferromagnetic
Kondo model, have pointed out that the DE mechanism sta-
bilizes a well-separated FM polaron.25,26 Koller et al. have
shown that the effect of the FM polaron confined to a small
area appears as dispersionless structures in the spin-
integrated spectral density.25 This may give another explana-
tion of the present observation.

In conclusion, we have visualized the orbital state of mag-
netic electrons in La2−2xSr1+2xMn2O7 �x=0.35� in the form of
2D-SMD through the reconstruction analysis of 1D MCP’s
measured in a number of directions. The experimental 2D-
SMD has been compared with two theoretical ones obtained
by using the wave functions to come out from molecular

FIG. 3. �Color online� Comparison between experimental and
theoretical LCW maps. �a� A theoretical 2D-SMD of all the valence
bands contributing to magnetization. �b� The upper, lower left, and
lower right panels are, respectively, the LCW maps derived from
the experimental 2D-SMD �Fig. 1�b��, band calculation �Fig. 3�a��,
and x2−y2 type molecular orbital �Fig. 2�a��.
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orbital calculation and from band calculation. The fitting
analysis by using the molecular orbitals proves the domi-
nance of x2−y2 type orbital in the eg state. The localized and
itinerant features of eg type electrons are simultaneously re-
vealed in the LCW map, suggesting the coexistence of po-
laronic and band states in the FM phase. The polaronic state
would be attributed to the x2−y2 type molecular orbital or
the mixed state of 3x2−r2 and 3y2−r2 type orbitals, while the
orbitals are disordered below Tc. The eg electronic state near
Tc will sensitively vary with the temperature and external
magnetic field. The 2D reconstruction of high-resolution
Compton profiles will be also effective for the observation of
change in the electronic state involved with the MI transition
and CMR phenomenon.
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