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Polarization-dependent resonant-x-ray diffraction in charge- and orbital-ordering
phase of Nd,,Sr;,,MnO 5
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A study of resonant-x-ray scattering in a charge-ordered perovskite manganese oy MMnO; was
performed. Dipole-resonant superlattice reflections originating from the orderings of the charge and orbital
With Qcharge= (0,1,0) andQqmira=(0,1/2,0) in thePbnm setting 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
(dgy2_r2/dgy2_r2) Or (dy2_,2/dy2_,2). [S0163-182€99)10027-4

Colossal negative magnetoresistan@@MVR) in some Recently, Murakamét al. confirmed orbital ordering in
perovskite-type manganese oxitless ascribed to the the K,NiF, (layered perovskitetype manganese oxide
magnetic-field-induced melting of a charge ordering. Thela,,,Sr;,MnO, by using the anisotropy of the tensor of sus-
charge ordering which is widely observed Ry,,A;,MnO;  ceptibility (ATS) scattering techniquéwhich is one of the
(R is rare earthA is alkaline earth is suggested to be ac- resonant x-ray-diffraction techniques. The ATS technique
companied by the ordering of the degrees of freedom of orutilizes the fact that the anomalous x-ray scattering factor of
bital and spin configuration of Mn®electrons? It is very  Mn®" near theK edge behaves as a tensor rather than a
important to investigate the orbital states in order to underscalar. The susceptibility tensor of Bhis modulated with
stand the CMR and other interesting phenomena in the maran alternating ordering of the orbital degrees of freedom,
ganese oxide system. which causes orbital superlattice scattering. However, the

Nd, ,Sr;,MNnO; is one of the typical charge-ordering ox- ATS technique has not been able to determine the type of
ides showing CMR. The structure is of an orthorhombicallyorbital ordering, @y2_,2/dy2_,2) or (dzg2_,2/d3y2_2), since
distorted perovskite type with thBbnm space grouf.At  the orbital superlattice reflection is caused only by a differ-
room temperature it is a paramagnetic metal and shows ence of the tensor of susceptibility.
ferromagnetic phase transition ag=255 K. After further In this paper, we will report the observation of orbital and
cooling, a first-order metal-insulator transition is observed atharge ordering in Ng,Sr;,,MnO5 [as shown in Fig. ()]
charge-ordering temperaturd o~150 K> A neutron-  using the resonant x-ray scattering technique. We utiliaed
diffraction study has revealed the so-called CE-type antiferan anomalous dispersion of the atomic scattering factor of
romagnetic spin ordering beloW.g (see the arrows in Fig. Mn near theK-absorption edge an() the anisotropy of the
1).° Alternating arrangement in tha-b plane of the spin atomic scattering factor of Mii ion with thed?d’, configu-
moments at Mn sites g g and 2.8ug has also been re- ration. Temperature dependence of the intensities of super-
ported, which implies a charge ordering. The observed wavéattice reflections shows that the orderings of charge and or-
vectors ar€0,1,0, (1/2,0,1, and(1/2,1/2,) for the ordering  bital are concomitant first-order phase transition. We will
of charge, MA™ spin moments of 3ug, and Mrf* spin  also report the characteristic dependence of the intensity of
moments of 2.8ug, respectively. The complicated spin superlattice reflections on the polarization of incident x ray.
structure suggests that the orbital degree of freedom alsiot only an orbital-ordering reflection but also a charge-
shows antiferromagnetic-ordering as shown in Fig. 1. Anordering reflection is much stronger for tga configura-
abrupt jump of the lattice parameters Bt (Ref. 4 also  tion than for theE|c configuration. This should be strongly
indicates orbital ordering accompanied by a cooperativeelated to the @s.2_,2/d3y2_,2)-type orbital ordering.
Jahn-Teller distortion of M#"Og octahedra. In fact, order- A crystal of Nd,,Sr,,MnO; was melt grown using a
ing of the Jahn-Teller distortion in a relevant manganitefloating-zone furnace. Twin mosaic was inevitable in the
compound Lg,Ca,,MnO; has been observed using syn- crystal. A polished (11Q). Surface in the pseudocubic set-
chrotron x-ray powder diffractiofwhich strongly indicates ting of a twinned sample was used for the x-ray study. The
the (dsx2-,2/d3y2_,2)-type orbital ordering. surface area was about 5 mpmX-ray-diffraction measure-
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FIG. 2. Temperature dependence of the intensity of a charge and
orbital superlattice scatterin@,3,0 and(0,5/2,0. The photon en-
ergy is tuned to be resonant with Mhedge, as large as 6.555 keV.
The polarization of the incident beam is perpendicular toatlagis
(¢=90°). The intensities are normalized by tt@&2,0 Bragg re-
flection.
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fraction. The(0,3/2,0 and(0,5/2,0 orbital-order reflections
were also detected, while neithé€s/2,0,0 nor (5/2,0,0
peaks were found, as can be expected from the model shown
in Fig. 1. The(0,5/2,0 reflection were analyzed to be 68%
7' polarized, which is quite a contrast to tl€-polarized
charge-order reflectiorfs.

FIG. 1. (a) Schematic figure of ordering of the spin, charge, and Flgurg 2 shows t.he mtensny of t8,3,0 gnd (O’.S/Z’Q
orbital degree of freedoms in a perovskite manganese oxid uperlattice scattering n_ormallzed by the intensity Of. the
Ndy,St,,MnO,. Arrows, solid (open circles, and wings attached (0:2:0 Bragg as a function of temperature. On warming,
with the open circles represent spins, tétiavalent manganese POth of the reflections show little change in intensity below
ions, and occupied @, orbitals, respectively. The coordinate is in 150 K and then suddenly disappear at 160 K. On a cooling
the Pbnmsetting.(b) Configuration for the present x-ray scattering fun, the reflections appear again at 140 K. The temperature
experiment. The incident beam waspolarized. The direction of dependence with a hysteresis agrees with a previously-
the scattering vectord) was identical with theb direction of the ~ reported resistivity curvé.Furthermore, for the whole tem-
crystal. perature range below.qy, the widths of the(0,3,0 and

(0,5/2,0 peaks are around 0.003°A, as narrow as the
ments were performed on beamline 4C at the Photon Fad0,2,0 Bragg. The charge and orbital ordering should coher-
tory, KEK, Japan. The incident beam was monochromatize@ntly extend at least over 1000 A even just belGw.
by Si(111) double crystals and focused by a bent cylindrical The solid triangles in Fig. 3 show spectra f@,5/2,0,
mirror. The typical energy resolution of the incident beam(0,1,0, and(0,3,0 at 6 K. Here the effect of x-ray absorption
was 2 eV. Theo-polarized incident bearfFig. 1(b)] was is corrected. All the spectra show a maximum around 6.555
focused on the sample mounted in a closed-cycle He refrigkeV, which is 3 eV above th&-absorption edge of M.
erator on a four-axis diffractometer. Polarization analysis ofThis strongly indicates that these reflections should be as-
the scattered beam was performed using gZ20) analyzer cribed to some modulation of the Mn electronic states. One
crystal, which gives a scattering angle of 95.6° for the pho<an identify this resonance with electric dipole transition
ton energy of MnK edge. (Mn 1s—4p) but not with quadrupole transition $+3d),

Spectra of the x-ray superlattice reflection were analyzedvhich should be located-14 eV below the edge. Ishihara
using the atomic scattering factor of ®th [f,3+(w)], and Maekawa pointed out that the orbital-order reflection
Mn** [fyne+(@)], and G~ ions (foz-). For Mn ions, en-  originated from anisotropy of th&-absorption energy of
ergy dependence of the anomalous atomic scattering factddn®" with the dﬁ‘di configuratior® Assuming that the an-
was taken into account: x-ray-absorption spectra in LayinOisotropy is small, the scattering factor corresponding with the
and SrMnQ were used as the imaginary part Qf3+(w) period of the orbital alternation should be proportional to
and fyq4+ (), respectively. The real part is calculated from dfy,s+/dw. In fact, the(0,5/2,0 spectrum qualitatively co-
the imaginary part using the Kramers-Kronig relation. incides with|dfy,s+/dw|? [solid line in Fig. 3a)]. In addi-

Some superlattice reflections of charge and orbital ordertion to the characteristic structure near teedge, a finite
ing were observed with the photon energy of 6.555 keV at éackground is observed in tt@,1,0 and(0,3,0 spectra but
K. Hereafter all the indices are in ttiRbnmsetting. Super- not in (0,5/2,0. A regular displacement of some atoms
lattice scattering of0,0dd,Q can be attributed to the order- should account for the background. The cooperative breath-
ing of charge because of the polarization of the scattered g and Jahn-Teller distortion of MnQbctahedra should be
ray and spectra shown beldwThe scattered beam is’ caused by the charge and orbital ordering, respectively. With
polarized[see Fig. 1b)] as in the case of normal x-ray dif- the former distortion each oxygen betweenMrand Mrf*

sample
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respectively, for the coordinate in the crystallographic axes

(a, b, ) in the Pbnmsetting. Heref,, f4, andf ., are the
three eigenvalues of the atomic susceptibility tensor of Min
in a distorted Mn@ octahedron. With ther-polarized inci-
dent beam, dependence of the intensityGyddd/2,0 orbital
reflection on the azimuthal anglg, which denotes rotation
around the scattering vectpsee Fig. )], is represented as

e | a5 | (— Sing,coB,0U( ) (F1— F)U~1(6)'(0,0,1)|2
Energy (keV) =|f,—f4|?sir? ¢ co 6. (©)

FIG. 3. Triangles denote spectra of the intensity of thg

" ' Here 6 is the scattering angle, and the matrix
(0,5/2,0, (b) (0,1,0, and(c) (0,3,0 superlattice scattering, respec-

tively, at 6 K. The polarization of the incident beam is perpendicu- cos¢ 0 —sing
lar to thea axis (¢=90°). Solid lines denote the best-fitted curves
calculated by(@) |dfyna+/dw|? and (b) Eq. (1). ug=| 9 1 0 4)

sing 0 cos¢
should move towards the Mh and cause the background of
the (0,0dd,0 superlattice scattering. It is worth noting that gescribes the azimuthal rotation of the sample arouncbthe
the Jahn-Teller distortion does not allow orbital reflections.axjs. In Eq.(3) the intensity is calculated for the'-polarized
tT'huls tge(%?dg,o and(Q,ogd/Zf,O reflictions czén bg_trfispzc— scattering beam. For ther’ polarization one obtains
ively identified as originating from charge and orbital order-, o'  _ - - - -
ing.yAnangous energy dep%ndence hzgis also been report(% ‘_’dE‘Ifzh)g_(g’ dfé)eli(éjlggcg sol?atﬁgosﬂ;/);gv Ifrr:técr)]s(:t;) ;rt] 6E qk

for gharge- and orb|t7a|-order scattering in the layered MaNghown in Fig. 4 corresponds significantly with the calcula-
ganite Lg;»Sr3,MnO,.

3 . . . . tion above. Suclp dependence has been reported for orbital-
The magnitude of breathing-type distortiercan be esti- order superlattice reflections in relevant compounds
mated from th€0,1,0 and(0,3,0 spectra. The solid lines in

7,10
Figs. 3b) and 3c) were fitted using the energy—dependentLafss;%zrl\gg‘r‘ ?e?gré_:m%%i( 0) scatteringt!
structure factor of a charge-order superlattice reflection 9 m '

o far(o)— o (o) g s ST 5% (0,0, DU () (f1+ f,— 2f e+ C)U($)(0,0,D)?
w)= 3+(w)— 4+(w)— 2—SIn——,

OOV T M 2 = [(f g y— 2F gt + C)Sir?

with £ =0.017. This indicates that the Mih—O bonds in the +(2fy—2an4++C)co§ b2 (5)

a-b plane should be on average 3-4% longer than the
Mn**-O bonds. The shift of-2 eV between the fitting and Here C=—8fa2-sin(ekn/2) describes the contribution by
experimental lines may be due to the difference of absorptiothe breathing-type displacements of oxygen atoms. The scat-
energies of MA* and/or Mif* between the sample and the tering factor of Mi*, fy,.+, is assumed to be a scalar be-
reference compounds. The estimated value of the breathingause the df configuration holds a cubic symmetry. Note
type distortion is comparable with the previous-reportedthat when¢= 7/2, Eq.(5) coincides with Eq(1) if we set
powder-diffraction study in Lg,Ca;;,MnO3.3 (fotfp)/2=Tfyns+(w). Figure 4 shows the intensity of the
Since the MnK resonant scattering reflects thensor (0,3,0 reflection for a resonari6.555 ke\j and off-resonant
susceptibility of Mi™, the intensity should change with the (6.520 ke\J photon energy as a function ¢f. For the reso-
polarization of the incident beam. With the alternating order-nant case one can observe characteristdependence. The
ing of Mn®* orbital configuration, the atomic scattering fac- (0,3,0 superlattice reflection in th&|a configuration is
tor tensors are given by much stronger than in thE||c configuration. It is evident
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E//a E//c E//a for the direction to which th¢unjoccupied &, orbital ex-
002F aA’ T T tends. To explain thed dependence of the charge-order re-
o T=6K flection, the relation
)= Fana+ | > L = Funa+| (6)

should hold. Ishihara and Maekawa pointed out that an en-
ergy split in threefold MA* 4p levels make the anomalous
scattering factor of Mfi" behave as a tensdt! The absorp-
tion edge of MA™ is a few eV lower than MH". Thus, Eq.

(6) indicates that the Mn 4-4p, excitation energy with the
orbital configuration of 833ds2_,2 is lower than Mn
1s—-4p, ,. The characteristic azimuthal angle dependence of
. charge-ordering reflections for a resonant photon energy
90 180 270 should be reversed in the case of thga( ,2/dy2_,2)-type

Azimuthal Angle (deg.) orbital ordering: the(0,3,0 reflection would be stronger in

the E|c configuration than in theéE|a configuration. The

FIG. 4. Azimuthal angle dependence of the intensity of thepresent work should be an important reference for determin-
(0,5/2,0 and (0,3,0 superlattice scatteringt® K for a resonant ing orbital states in other related materials with the ATS
photon energy6.555 ke\). The dependence of the intensity of the technique. A possible origin of the energy split is the crystal-
(0,3,0 reflection for a off-resonant photon ener¢§.520 keVf is  field splitting of Mn 4p levels in an MA™ Qg octahedron
also shown with open triangles. Solid lines are the best-fitted curvegith the Jahn-Teller distortion.
using Eqgs(3) and (5). In conclusion, we have presented direct evidence for

charge and orbital ordering in NgSr;,MnO3 by using the
that the value offf,+f ;—2fye+| would be much larger technique of resonant x-ray scattering. Temperature depen-
than |2fy_2an4+|, because the contribution @ is rela- dencgl was found tq agree with a strong f|rst-ord_er phase
tively small for the photon energjsee Fig. &)]. On the transition. Characteristic dependence on the polanzatlon of
contrary, the intensity does not change beyond experimentfi€ incident x-ray beam was observed not only for an orbital
error for the off-resonant case. It proves that an atomic scaguPerlattice reflection but also for a charge reflection. The
tering factor can be considered a scalar for off-resonant phdiépendence is ascribed to thifo_2/d3y2_,2)-type orbital
ton energies. ordering.

It has been reported that tleaxis of Nd,Sr,MnO; The authors would like to thank S. Ishihara who first
abruptly shrinks for the charge-ordering phésehile thea pointed out the importance of azimuthal-angle dependence of
and b axes are elongated. This strongly suggests from theharge superlattice reflections. Also acknowledged are fruit-
viewpoint of cooperative Jahn-Teller distortion that the prob-ful discussions with K. Hirota and Y. Tokura. The €220
able orbital ordering is ofds,2_,2/d3y2_,2) type. Thus, one analyzer crystal was lent by D. Gibbs and J. Hill. This work
can replacef,,, fg, andf, with f;, f,, andf, , respec- was supported by the Ministry of Education, Science and
tively. Heref (f,) denotes the susceptibility tensor elementCulture of Japan.

Nomalized Intensity
=
2

IR. M. Kusters, J. Singleton, D. A. Keen, R. McGreevy, and W. ®H. Kawano, R. Kajimoto, H. Yoshizawa, Y. Tomioka, H. Kuwa-
Hayes, Physica B55 362(1989; R. von Helmolt, J. Wecker, hara, and Y. Tokura, Phys. Rev. Let8, 4253(1997.
B. Holzapfel, L. Schultz, and K. Samwer, Phys. Rev. L&tft, 7Y. Murakami, H. Kawada, H. Kawata, M. Tanaka, T. Arima, Y.
2331(1993; Y. Tokura, A. Urushibara, Y. Moritomo, T. Arima, Moritomo, and Y. Tokura, Phys. Rev. Le80, 1932(1998.
A. Asamitsu, G. Kido, and N. Furukawa, J. Phys. Soc. B&). 8The imperfectr’ polarization of the orbital superlattice reflection

3931 (1994:; A. Urushibara, Y. Moritomo, T. Arima, A. can be ascribed to rotation of Mg@ctahedra around theaxis.
Asamitsu, G. Kido, and Y. Tokura, Phys. Rev.3, 14 103 The intensity ratio of the two polarizations for an orbital-order
(1995. reflection is given as a function of the rotating angte by
2E. 0. Wallan and W. C. Koehlar, Phys. R&0, 545 (1955 J. I""'/I‘”T':(sin 20/cos 2vcosd)?. The rotation of 15° can re-
B. Goodenoughibid. 100, 564 (1955. produce the data, which is comparable to the value of 9° ob-
3p. G. Radaelli, D. E. Cox, M. Marezio, and S-W. Cheong, Phys. tained from a neutron studiref. 5.
Rev. B55, 3015(1997. 9S. Ishihara and S. Maekawa, Phys. Rev. L&®.3799(1998.
4V. A. Bokov, N. A. Grigoryan, M. F. Bryzhina, and V. V. 1°Y. Murakami, J. P. Hill, D. Gibbs, M. Blume, I. Koyama, M.
Tikhonov, Phys. Status Soli@8, 835(1968. Tanaka, H. Kawata, T. Arima, Y. Tokura, K. Hirota, and Y.

SH. Kuwahara, Y. Tomioka, Y. Moritomo, A. Asamitsu, M. Kasai, Endoh, Phys. Rev. Let81, 582(1998.
and Y. Tokura, Scienc70, 961 (1995. 113, Ishihara and S. Maekawa, Phys. Re\6® 13 442(1998.



