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Polarization-dependent resonant-x-ray diffraction in charge- and orbital-ordering
phase of Nd1/2Sr1/2MnO3
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A study of resonant-x-ray scattering in a charge-ordered perovskite manganese oxide Nd1/2Sr1/2MnO3 was
performed. Dipole-resonant superlattice reflections originating from the orderings of the charge and orbital
with Qcharge5(0,1,0) andQorbital5(0,1/2,0) in thePbnmsetting were observed. Sudden change in the inten-
sity of the superlattice scattering at the transition temperature indicated a strong first-order phase transition.
Characteristic dependence on the x-ray polarization was observed not only for orbital-order superlattice scat-
tering but also for charge-order scattering. It should be closely related to the orbital-ordering type
(d3x22r 2 /d3y22r 2) or (dx22z2 /dy22z2). @S0163-1829~99!10027-4#
h

-
o

e
a

-
lly

s

a

fe
.

-
av

in
al
A

tiv
-
ite
n-

e
s-

ue
r of
n a

m,
the

of

er-

d

r of

per-
or-
ill

y of
y.
e-

y

he
t-
he
Colossal negative magnetoresistance~CMR! in some
perovskite-type manganese oxides1 is ascribed to the
magnetic-field-induced melting of a charge ordering. T
charge ordering which is widely observed inR1/2A1/2MnO3

(R is rare earth,A is alkaline earth!, is suggested to be ac
companied by the ordering of the degrees of freedom of
bital and spin configuration of Mn 3d electrons.2,3 It is very
important to investigate the orbital states in order to und
stand the CMR and other interesting phenomena in the m
ganese oxide system.

Nd1/2Sr1/2MnO3 is one of the typical charge-ordering ox
ides showing CMR. The structure is of an orthorhombica
distorted perovskite type with thePbnm space group.4 At
room temperature it is a paramagnetic metal and show
ferromagnetic phase transition atTC5255 K. After further
cooling, a first-order metal-insulator transition is observed
charge-ordering temperatureTCO;150 K.5 A neutron-
diffraction study has revealed the so-called CE-type anti
romagnetic spin ordering belowTCO ~see the arrows in Fig
1!.6 Alternating arrangement in thea-b plane of the spin
moments at Mn sites 3mB and 2.8mB has also been re
ported, which implies a charge ordering. The observed w
vectors are~0,1,0!, ~1/2,0,1!, and~1/2,1/2,1! for the ordering
of charge, Mn31 spin moments of 3mB , and Mn41 spin
moments of 2.8mB , respectively. The complicated sp
structure suggests that the orbital degree of freedom
shows antiferromagnetic-ordering as shown in Fig. 1.
abrupt jump of the lattice parameters atTCO ~Ref. 4! also
indicates orbital ordering accompanied by a coopera
Jahn-Teller distortion of Mn31O6 octahedra. In fact, order
ing of the Jahn-Teller distortion in a relevant mangan
compound La1/2Ca1/2MnO3 has been observed using sy
chrotron x-ray powder diffraction,3 which strongly indicates
the (d3x22r 2 /d3y22r 2)-type orbital ordering.
PRB 600163-1829/99/60~4!/2425~4!/$15.00
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Recently, Murakamiet al. confirmed orbital ordering in
the K2NiF4 ~layered perovskite!-type manganese oxid
La1/2Sr3/2MnO4 by using the anisotropy of the tensor of su
ceptibility ~ATS! scattering technique,7 which is one of the
resonant x-ray-diffraction techniques. The ATS techniq
utilizes the fact that the anomalous x-ray scattering facto
Mn31 near theK edge behaves as a tensor rather tha
scalar. The susceptibility tensor of Mn31 is modulated with
an alternating ordering of the orbital degrees of freedo
which causes orbital superlattice scattering. However,
ATS technique has not been able to determine the type
orbital ordering, (dx22z2 /dy22z2) or (d3x22r 2 /d3y22r 2), since
the orbital superlattice reflection is caused only by a diff
ence of the tensor of susceptibility.

In this paper, we will report the observation of orbital an
charge ordering in Nd1/2Sr1/2MnO3 @as shown in Fig. 1~a!#
using the resonant x-ray scattering technique. We utilized~a!
an anomalous dispersion of the atomic scattering facto
Mn near theK-absorption edge and~b! the anisotropy of the
atomic scattering factor of Mn31 ion with thed«

3dg
1 configu-

ration. Temperature dependence of the intensities of su
lattice reflections shows that the orderings of charge and
bital are concomitant first-order phase transition. We w
also report the characteristic dependence of the intensit
superlattice reflections on the polarization of incident x ra
Not only an orbital-ordering reflection but also a charg
ordering reflection is much stronger for theEia configura-
tion than for theEic configuration. This should be strongl
related to the (d3x22r 2 /d3y22r 2)-type orbital ordering.

A crystal of Nd1/2Sr1/2MnO3 was melt grown using a
floating-zone furnace. Twin mosaic was inevitable in t
crystal. A polished (110)cubic surface in the pseudocubic se
ting of a twinned sample was used for the x-ray study. T
surface area was about 5 mmf. X-ray-diffraction measure-
2425 ©1999 The American Physical Society
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2426 PRB 60K. NAKAMURA et al.
ments were performed on beamline 4C at the Photon F
tory, KEK, Japan. The incident beam was monochromati
by Si ~111! double crystals and focused by a bent cylindric
mirror. The typical energy resolution of the incident bea
was 2 eV. Thes-polarized incident beam@Fig. 1~b!# was
focused on the sample mounted in a closed-cycle He re
erator on a four-axis diffractometer. Polarization analysis
the scattered beam was performed using a Cu~220! analyzer
crystal, which gives a scattering angle of 95.6° for the p
ton energy of MnK edge.

Spectra of the x-ray superlattice reflection were analy
using the atomic scattering factor of Mn31 @f Mn31(v)#,
Mn41 @f Mn41(v)#, and O22 ions (f O22). For Mn ions, en-
ergy dependence of the anomalous atomic scattering fa
was taken into account: x-ray-absorption spectra in LaMn3
and SrMnO3 were used as the imaginary part off Mn31(v)
and f Mn41(v), respectively. The real part is calculated fro
the imaginary part using the Kramers-Kronig relation.

Some superlattice reflections of charge and orbital ord
ing were observed with the photon energy of 6.555 keV a
K. Hereafter all the indices are in thePbnmsetting. Super-
lattice scattering of~0,odd,0! can be attributed to the orde
ing of charge because of the polarization of the scattere
ray and spectra shown below.7 The scattered beam iss8
polarized@see Fig. 1~b!# as in the case of normal x-ray dif

FIG. 1. ~a! Schematic figure of ordering of the spin, charge, a
orbital degree of freedoms in a perovskite manganese o
Nd1/2Sr1/2MnO3. Arrows, solid ~open! circles, and wings attache
with the open circles represent spins, tetra~tri!valent manganese
ions, and occupied 3dg orbitals, respectively. The coordinate is
thePbnmsetting.~b! Configuration for the present x-ray scatterin
experiment. The incident beam wass polarized. The direction of

the scattering vector (qW ) was identical with theb direction of the
crystal.
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fraction. The~0,3/2,0! and ~0,5/2,0! orbital-order reflections
were also detected, while neither~3/2,0,0! nor ~5/2,0,0!
peaks were found, as can be expected from the model sh
in Fig. 1. The~0,5/2,0! reflection were analyzed to be 68%
p8 polarized, which is quite a contrast to thes8-polarized
charge-order reflections.8

Figure 2 shows the intensity of the~0,3,0! and ~0,5/2,0!
superlattice scattering normalized by the intensity of
~0,2,0! Bragg as a function of temperature. On warmin
both of the reflections show little change in intensity belo
150 K and then suddenly disappear at 160 K. On a coo
run, the reflections appear again at 140 K. The tempera
dependence with a hysteresis agrees with a previou
reported resistivity curve.5 Furthermore, for the whole tem
perature range belowTCO, the widths of the~0,3,0! and
~0,5/2,0! peaks are around 0.003 Å21, as narrow as the
~0,2,0! Bragg. The charge and orbital ordering should coh
ently extend at least over 1000 Å even just belowTCO.

The solid triangles in Fig. 3 show spectra for~0,5/2,0!,
~0,1,0!, and~0,3,0! at 6 K. Here the effect of x-ray absorptio
is corrected. All the spectra show a maximum around 6.5
keV, which is 3 eV above theK-absorption edge of Mn31.
This strongly indicates that these reflections should be
cribed to some modulation of the Mn electronic states. O
can identify this resonance with electric dipole transiti
~Mn 1s–4p) but not with quadrupole transition (1s–3d),
which should be located;14 eV below the edge. Ishihar
and Maekawa pointed out that the orbital-order reflect
originated from anisotropy of theK-absorption energy of
Mn31 with the d«

3dg
1 configuration.9 Assuming that the an-

isotropy is small, the scattering factor corresponding with
period of the orbital alternation should be proportional
d fMn31 /dv. In fact, the~0,5/2,0! spectrum qualitatively co-
incides withud fMn31 /dvu2 @solid line in Fig. 3~a!#. In addi-
tion to the characteristic structure near theK edge, a finite
background is observed in the~0,1,0! and~0,3,0! spectra but
not in ~0,5/2,0!. A regular displacement of some atom
should account for the background. The cooperative bre
ing and Jahn-Teller distortion of MnO6 octahedra should be
caused by the charge and orbital ordering, respectively. W
the former distortion each oxygen between Mn31 and Mn41

e

FIG. 2. Temperature dependence of the intensity of a charge
orbital superlattice scattering~0,3,0! and ~0,5/2,0!. The photon en-
ergy is tuned to be resonant with MnK edge, as large as 6.555 keV
The polarization of the incident beam is perpendicular to thea axis
(f590°). The intensities are normalized by the~0,2,0! Bragg re-
flection.
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should move towards the Mn41 and cause the background
the ~0,odd,0! superlattice scattering. It is worth noting th
the Jahn-Teller distortion does not allow orbital reflectio
Thus the~0,odd,0! and~0,odd/2,0! reflections can be respec
tively identified as originating from charge and orbital orde
ing. Analogous energy dependence has also been rep
for charge- and orbital-order scattering in the layered m
ganite La1/2Sr3/2MnO4.7

The magnitude of breathing-type distortion« can be esti-
mated from the~0,1,0! and~0,3,0! spectra. The solid lines in
Figs. 3~b! and 3~c! were fitted using the energy-depende
structure factor of a charge-order superlattice reflection

F0k0~v!5 f Mn31~v!2 f Mn41~v!24 f O22sin
«kp

2
, ~1!

with «50.017. This indicates that the Mn31 –O bonds in the
a-b plane should be on average 3 –4% longer than
Mn41-O bonds. The shift of;2 eV between the fitting and
experimental lines may be due to the difference of absorp
energies of Mn31 and/or Mn41 between the sample and th
reference compounds. The estimated value of the breath
type distortion is comparable with the previous-repor
powder-diffraction study in La1/2Ca1/2MnO3.3

Since the Mn-K resonant scattering reflects thetensor
susceptibility of Mn31, the intensity should change with th
polarization of the incident beam. With the alternating ord
ing of Mn31 orbital configuration, the atomic scattering fa
tor tensors are given by

FIG. 3. Triangles denote spectra of the intensity of the~a!
~0,5/2,0!, ~b! ~0,1,0!, and~c! ~0,3,0! superlattice scattering, respe
tively, at 6 K. The polarization of the incident beam is perpendi
lar to thea axis (f590°). Solid lines denote the best-fitted curv
calculated by~a! ud fMn31 /dvu2 and ~b! Eq. ~1!.
.
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D , ~2!

respectively, for the coordinate in the crystallographic ax
(â, b̂, ĉ) in the Pbnmsetting. Heref a , f b , and f g are the
three eigenvalues of the atomic susceptibility tensor of Mn31

in a distorted MnO6 octahedron. With thes-polarized inci-
dent beam, dependence of the intensity of~0,odd/2,0! orbital
reflection on the azimuthal anglef, which denotes rotation
around the scattering vector@see Fig. 1~b!#, is represented as

I 0(odd/2)0
sp8 }u~2sinu,cosu,0!U~f!~ f 12 f 2!U21~f! t~0,0,1!u2

5u f a2 f bu2 sin2 f cos2 u. ~3!

Hereu is the scattering angle, and the matrix

U~f!5S cosf 0 2sinf

0 1 0

sinf 0 cosf
D ~4!

describes the azimuthal rotation of the sample around thb
axis. In Eq.~3! the intensity is calculated for thep8-polarized
scattering beam. For thes8 polarization one obtains

I 0(odd/2)0
ss8 50, replacing (2sinu,cosu,0) with ~0,0,1! in Eq.

~3!. The f dependence of the~0,5/2,0! intensity at 6 K
shown in Fig. 4 corresponds significantly with the calcu
tion above. Suchf dependence has been reported for orbit
order superlattice reflections in relevant compoun
La1/2Sr3/2MnO4 and LaMnO3.7,10

As for charge-ordering~0,k,0! scattering,11

I 0k0
ss8}u~0,0,1!U~f!~ f 11 f 222 f Mn411C!U21~f! t~0,0,1!u2

5u~ f a1 f b22 f Mn411C!sin2 f

1~2 f g22 f Mn411C!cos2 fu2. ~5!

Here C528 f O22sin(«kp/2) describes the contribution b
the breathing-type displacements of oxygen atoms. The s
tering factor of Mn41, f Mn41, is assumed to be a scalar b
cause the 3d«

3 configuration holds a cubic symmetry. No
that whenf5p/2, Eq. ~5! coincides with Eq.~1! if we set
( f a1 f b)/25 f Mn31(v). Figure 4 shows the intensity of th
~0,3,0! reflection for a resonant~6.555 keV! and off-resonant
~6.520 keV! photon energy as a function off. For the reso-
nant case one can observe characteristicf dependence. The
~0,3,0! superlattice reflection in theEia configuration is
much stronger than in theEic configuration. It is evident

-
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that the value ofu f a1 f b22 f Mn41u would be much larger
than u2 f g22 f Mn41u, because the contribution ofC is rela-
tively small for the photon energy@see Fig. 3~c!#. On the
contrary, the intensity does not change beyond experime
error for the off-resonant case. It proves that an atomic s
tering factor can be considered a scalar for off-resonant p
ton energies.

It has been reported that thec axis of Nd1/2Sr1/2MnO3

abruptly shrinks for the charge-ordering phase,4 while thea
and b axes are elongated. This strongly suggests from
viewpoint of cooperative Jahn-Teller distortion that the pro
able orbital ordering is of (d3x22r 2 /d3y22r 2) type. Thus, one
can replacef a , f b , and f g with f i , f' , and f' , respec-
tively. Here f i ( f') denotes the susceptibility tensor eleme

FIG. 4. Azimuthal angle dependence of the intensity of
~0,5/2,0! and ~0,3,0! superlattice scattering at 6 K for a resonant
photon energy~6.555 keV!. The dependence of the intensity of th
~0,3,0! reflection for a off-resonant photon energy~6.520 keV! is
also shown with open triangles. Solid lines are the best-fitted cu
using Eqs.~3! and ~5!.
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for the direction to which the~un!occupied 3dg orbital ex-
tends. To explain thef dependence of the charge-order r
flection, the relation

u f i2 f Mn41u.u f'2 f Mn41u ~6!

should hold. Ishihara and Maekawa pointed out that an
ergy split in threefold Mn31 4p levels make the anomalou
scattering factor of Mn31 behave as a tensor.9,11 The absorp-
tion edge of Mn31 is a few eV lower than Mn41. Thus, Eq.
~6! indicates that the Mn 1s–4px excitation energy with the
orbital configuration of 3d«

33d3x22r 2 is lower than Mn
1s–4py,z . The characteristic azimuthal angle dependence
charge-ordering reflections for a resonant photon ene
should be reversed in the case of the (dx22z2 /dy22z2)-type
orbital ordering: the~0,3,0! reflection would be stronger in
the Eic configuration than in theEia configuration. The
present work should be an important reference for determ
ing orbital states in other related materials with the AT
technique. A possible origin of the energy split is the cryst
field splitting of Mn 4p levels in an Mn31O6 octahedron
with the Jahn-Teller distortion.

In conclusion, we have presented direct evidence
charge and orbital ordering in Nd1/2Sr1/2MnO3 by using the
technique of resonant x-ray scattering. Temperature dep
dence was found to agree with a strong first-order ph
transition. Characteristic dependence on the polarization
the incident x-ray beam was observed not only for an orb
superlattice reflection but also for a charge reflection. T
dependence is ascribed to the (d3x22r 2 /d3y22r 2)-type orbital
ordering.
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