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Resonant x-ray scattering experiments on electronic orderings in NdNi@single crystals
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We have carried out resonant x-ray scattering experiments on Ndhi@le crystals aiming at the obser-
vation of a predicted orbital ordering that may explain the presence of an antiferromagnetic ordering with
unusual modulation wave vectcn[.:(%,o,%). A first-order structural phase transition has been observed at
Twmi =200 K although no new superlattice peaks are present & fiosition. Our experiment thus rules out the
presence of an orbital ordering with this modulation. It rather seems that the magnetic, as well as the electronic,
properties of this compound should be explained by introducing models of charge localization, either at the
metal sites or at the ligand oxygen. We further comment on the observability of this charge ordering by
resonant x-ray scattering.
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[. INTRODUCTION evidenced a symmetry breaking B, in NdNiO3.8 Interest-
ingly, the M-I transition takes place between 550 and 600 K
Rare-earth(R)/nickel perovskites have some commonin the small rare-earth cation compounds, whereas it is
characteristics to their Mn homologue although they arestrongly depleted for the largest catio(8m, Ty, ~400 K;
placed at the boundary separatiog-A gap metalgA is the ~ Nd, Ty =200 K; Pr, Ty, =135 K).? Ni ions order antiferro-
charge transfer energyand charge transfer insulators ~ magnetically at lower temperaturétirough a continuous,
Qualitatively, many properties of these materials can be unsecond-order, phase transitiand the transition temperature
derstood within the classical scheme of a hole-doped Mottsmoothly evolves with the size of the rare earth from
Hubbard insulator in which double exchange, Hund's ruleTn=130 K for Lu to Ty=225 K for Sm, andly=Ty, for Nd
coupling, and the Jahn—Tell¢dT) effect play crucial roles. and Pr. Moreover, based on the discovery of an unprec-
In RNiO; a metal-insulatofM-1) transition takes place as a edented magnetic ordering of sgirNi moments in PrNiQ
function of temperaturé, whereas the same transition is and NdNiQ, anonuniformorbital occupancy of the singkg,
found on doping the manganites. ﬁﬁ(tggeé) as well as elect_ron in the low-spin Nf configuration has been
Mn3*(t3,el) are JT ions with a single, electron with orbital ~ predicted™ In these two compound3y=Ty, and the mag-
degeneracy although the JT deformations are rather differefetic structure has an unexpected propagation vector,
between the two families. In stoichiomet®RMnO,, the JT  a=(5,0,3), corresponding to ant || stacking of ferromag-
deformations stabilized a layered antiferromagnetichetic planes along thél,1,) direction of the pseudocubic
structure®, whereas the NiQoctahedra are rather regufar, lattice. This magnetic symmetry is not compatible with
probably due to the higher covalency character of the Nnearest-neighbor exchange coupling of the same sign and
oxides. requires alternating ferromagnetic and antiferromagnetic Ni—
RNIO; perovskites(excepting forR=La) display a first- ~O-Ni couplings along the three pseudocubic axes. This can
order metal insulator phase transition frdPbnmto P2,/n,  be achieved if @24 , Orbital ordering exists in the crystal,
yielding two different crystallographic sites for Ni but with that breaks down the inversion center at the Ni site. How-
no change in the lattice coordinates. The lattice distortiorever, no structural distortion originating from orbital order-
occurring belowTy,, has been detected for the smallest cat-ing has been observed so far. Moreover, Hartree—Fock calcu-
ions (R=Y,Ho,...,Lu),>® whereas it has remained rather elu- lations have showed that the orbital ordered state has a
sive for the largest cation®=Pr, Nd, and Sm*’ Recently, relatively high energy and thus suggested that this possibility
electron microscopy and Raman scattering experiments have very unlikely to explain the observed magnetic ordé?
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ing observed in this compound. These are the goals of the
work developed in this paper.

Il. EXPERIMENTAL CONDITIONS

Resonantalso called anomalolus-ray scattering RXS)
techniques have proved to be very powerful to unravel or-
bital (and chargeorderings and its likely relation with mag-
netic ordering$.RXS consists of measuring the intensity of
someselectedBragg reflections as a function of the incident
photon energy around the absorption edge of one of the
atomic species. There are several different ways to proceed
with this technique, depending upon whether the information
sought is crystallographic or, rather, spectroscépim all
the cases, the key point of the technique is that for incident

FIG. 1. Electron microscopy image of small single crystals of Photon energies in the vicinity of an absorption edge, the
NdNiO; obtained under pressufeee Ref. 18 x-ray scattering factor of the anomalous atom becomes com-

plex [/ (E)+if{(E)] and displays a nontrivial energy depen-

Charge order disproportionation in the form *Rif— dence. This complex_structure f_actor _ interferes with the
Ni*3-% with 6~0.3¢", has been invoked to be present in phase factor of the given reflectial®) in a manner de-

all the small rare-earthRNiO; (R=Ho---Lu and Y)  Scribed by the following equation:
compounds on the basis of a bond valence analysis of the , - O WO ]2
structure in the insulating staté?® This empirical analysis H(Q.B) = 2 [for + /(B) +if{ (B)]e?Me™@1", (1)
of the chargeusually yield appropriate results. However,
RNiO; are generally viewed as charge transfer insulatorswhereW,(Q) is the temperature factof is the atomic scat-
and along this line one may expect that the JT energy of théering factor,f’ and f” are rank-2,3,4,... tensors in their
doubly degenerate€,, level is raised, not by aoftenlarge  most general forn{including magnetic as well as nonmag-
JT distortion, but rather by getting rid of the electron degen-netic scattering factoygprojected over the incoming and out-
eracy in this orbital. According to this simple view, the going photon polarization direction, respectively. For all the
charge would go either to the ligand oxyg@iso known as purposes of this paper, we will be exclusively interested in
bond charge ordering following the well-known scheme the dipole—dipole (E1E1) transition at the NiK edge
3d7+2p®— 3d®+2p°, or it will remain disproportionated in  (1s—4p transition whose operator can be written in the
the metal ions 8”+3d’— 3d®+3d®. Recent Hartree—Fock form of a rank-2 tensofor a matriy. In order to comprehend
calculations orRNiO; perovskites have shown that it is dif- how RXS can explore theurely electronic orderingsn a
ficult to assert which option is the best, or even if it doessolid, it is important to notice the following(i) the exact
change from, for instance, bond order in the larger rare-eartialue of the absorption edge depends on the electronic
to metal-site ordering in the smaller onés. charge that the resonant atom experiences, and along this
RNiO5 perovskite compounds have been known for manyline the different charge states of the resonant atom are char-
years, and quite a lot of experimental as well as theoreticahcterized by slight changes of the position of the absorption
work has been accumulatésee Ref. 15 for a recent revigw edge.(ii) The electronic transition probes tleenpty3d or-
All experiments aiming at a precise determination of thebital states via quadrupole—quadrup@E2E2 processes of
structurés), including synchrotron and neutron diffraction, the type 35— 3d. If the orbital ordering is stabilized without
have been carried out in polycrystalline samples, except for aite symmetry breaking, i.e., no lattice distortiomo coop-
very recent work on 500-A-thick thin films of NdNiQto  erative JT effedt one should expect a new periodicity, ex-
determine the amount charge ordering at the M-I phaselusively electronic, that might be observable precisely at the
transition®1” Both x-ray and neutron powder diffraction energy corresponding to the nonoccupied degenerate orbit-
have shown no sign of orbital orderiguperstructure reflec- als. This latter form of ordering has been suggested in a
tions should be 1Dtimes smaller than the largest nuclear number of systems but, unfortunately, orbital orderings have
reflection, which speaks in favor of a very small lattice dis- been invariably observed to be stabilized by local symmetry
tortion. We have now grown small single crystals of NdjliO breaking. Due to that, the anisotropy induced in the neigh-
(Ref. 18 (see Fig. 1 large enough to carry out diffraction boring 4p states is rather strong, and it has been observed
experiments at synchrotron light sources. With this highthat the E1E1 process prevails against the purely orbital or-
quality single crystals it will be then possible to test manydering signal at the K edges ofd3ransition metals. This
ideas on the origin of magnetism in this compound and theconclusion results both from simulations of the measured
very intriguing possibility of apure orbital ordering; i.e., spectra in the giant magnetoresistance mang&Ritasd
without an accompanying lattice distortion. As we shall seemore recently from detailed experimental studies on thin
orbital ordering Bragg reflections in the predicted positionsfilms.?! It has been speculated that NdNj®y virtue of its
are systematically absent. It is then natural to turn to theinexpected magnetic ordering wave vector and the absence
charge ordering as the origin of the elusive magnetic orderef lattice distortions, might be a candidate to further explore
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the so far theoretical concept of orbital ordering stabilized by 72 T T T T T T T
magnetic interactions alone. Below we will pursue this dis-
cussion of the tensor scattering factors by introducing the site 7.25 1

symmetry of Ni ions in the lattice and we will show that the

geometrical conditions have to be taken into account in order =3 |
to properly disentanglelectronic orderingsfrom local an- - 735 |
isotropy in the diffraction spectra. o

The RXS experiment was carried out at the ESRF in the =
magnetic scattering beamline ID2Bef. 22 at photon ener- =
gies in the close vicinity of the Ni K edge. The absorption g 745 .

comparison the edge in Ni metal lies at lower energies, 8.333 75
eV. A sample of dimensions 2020% 50 um?® was glued on
top of a quartz whisker and then placed onto the cold finger 755
of a closed-cycle He refrigerator. The setup was installed on 76t 1+ v
a four-circle goniometer and the scattering plane is vertical. )
Sample quality can be considered as excellent in view of the 180 185 130 155 200 205 210 215 220

value of the Bragg peaks rocking width, of the order of Temperature (K}

0.02°. The count rate at the004) reflection was

5x 10°counts/sec. In order to discriminate the polarization FIG. 2. (Color onling Variation of the diffraction angl@g as a

of the scattered photoneither parallel to the scattering function of temperature around the M-I phase transition,
plane,, or perpendicularg) a Cu222) analyzer crystal was Tw =195 K, of the(115), reflection. Data were taken on a heating
placed before the detector, a Nal scintillator. The polarizatiorfun. The reflection that appears at aroufis7.31 belowTy, ap-
leakage(o-o— ,o-m) was measured to be=0.005. As ex- Pears to be the continuation of the scattering observed above and
pected for a low-symmetry perovskite compound, NdNiO therefore is identified as the allowét05),. Thg reflegtion centered
single crystals are twinned even at room temperature. Thit és=7.42 abruptly appears beloWiy, and is attributed to the
actual structure is orthorhombiebnm with lattice param- (0190, extinct aboveTy,.

etersa=5.389 A,b=5.3863 A,c=7.6078 A? Because of the  apove and belovT,. Only one peak is visible abovy,,

twins, a pseudocubic lattice with average lattice parametefhereas at least four develop below, although this has seen
a=7.6 A was preferred. The reciprocal space transformatiofy be dependent of the thermal history. Clearly, a first-order
rule between both settings is,=3(h.+ko), ko=3(h.—ko),  structural phase transition induced by the charge ordering
and l,=I;, and the two corresponding axes permutationsoccurs in NdNiQ, in much the same way as it has been
Therefore, the cubi€115), reflection will contain the super- observed for the small rare-earth analogues. Our data, and in
position of the(105, and (015, reflections. The four re- particular the fact that Bragg peaks abdMg turned out to
maining domains are found by cyclic permutations of thebe splitted below, are in good agreement with the change in
indicesh,, ke, .. The low-temperature structutenonoclinic  the lattice symmetry below 200 KPbnm— P2,/n) reported

F—
" — |
edge is located at 8.343 elx=1.486 A in NdNiO;. For

P2,/n) arising from the M-I phase transition @, multi- by electron diffraction experimengsThe transition tempera-
plies the number of domains by a factor of 2, albeit withoutture was determined from the onset of the splitting of the
changing the unit cell volume. diffraction peak to be 195 K, and pretransitional effects have

Absorption is an important issue in this compound. In-been observed as well. A refinement of the structure, based
deed, the three Nd L edges happen to be at lower energi@s single-crystal data, above and beldwy, is presently
(6.208, 6.721, and 7.126 ke\and their contribution domi- underway?
nates the absorption coefficient both belgw=1734 cn?) The lattice distortion occurring below,, corresponds
and above(u=2158 cm?) the Ni edge. Therefore, and de- to the charge ordering mechanism. The magnitude of this
spite that the whole sample is bathed by the x-ray beandlistortion is sensibly smaller than that observed for the
absorption limits the penetration depth tqu® below the Ni Ho...Lu nickelates and it has been overlooked is previous
edge and to 4.6m above. These values, smaller that the sizediffraction experiments in powder sampfem view of this,
of the sample, lead us to cast serious doubts on how thiée determination of the charge ordering itself by using direct
domain structure is going to appear in our diffraction spectranethods, such as RXS, is certainly of paramount importance.

and therefore on the intensity of the different peaks. As we have mentioned above, it is not excluded that different
types of CO as a function of the size of the rare earth may
Ill. METAL-INSULATOR PHASE TRANSITION occur. We have carried out preliminary RXS experiments in

NdNiO; and part of the results are shown in Fig. 3. Once
Temperature scans were carried out in order to charactecorrected for absorption, our anomalous scattering measure-
ize the thermal evolution of the sample and check the appeaments display identical features as in Ref. 13, where the use
ance of a phase transition. The photon energy for these exf thin flms makes the absorption correction unnecessary.
periments was chosen to be 10 eV below the Ni absorptiohe energy dependence of the spectra reflects the presence of
edge. Figure 2 shows a contour plot of the diffraction angleslightly anisotropic octahedr@ve call thisdichroic effect as
0 of the (115). Bragg reflection for a series of temperatureswe shall explain in Sec. IV, belomrather than a charge or-
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explain both the M-I transition as well as the magnetic or-
| dering. In view of the relevant conclusions that RXS can
d disclose, we believe that it is important to understand in full
detail what difficulties this technique may encounter with
respect to CO in this specific compound. Charge ordering in
the form Ni3*9-Ni*3=% with §=0.2, (or Ni'-Ni?) was
claimed based on the observation of anomalous scattering in
reflections(015), and (105),.261” Whether or not charge or-
dering of this magnitude is actually present in this com-
pound, or even if it is bond centered, a detailed analysis of
the local structure of the Ni site and how this local structure
is going to influence the above-mentioned reflections in the
neighborhood of the Ni K edge is lacking. In the following

- (018) . T=100K
—(1068) i

L]
.--'\.

Intensity *absorption (arb.units)

83 831 832 833 834 830 836 837 838 we will describe such calculation, which can be easily ex-
Energy (keV) tended to most of thedtransition metal oxides perovskite
structureg?

FIG. 3. Energy variation of th€015, and (105, reflections

around the NiK edge. The quality of these data is poorer than thafoge tg reflections mixes, through the phase factor, differ-
of Fig. 2 in Ref. 13. The inset shows a theta scan of 85 ot components of the local scattering tensor. Particularly
reflection, where at least four peaks are visible. From their respecdangerous is the case where the structure factor results from
tive energy dependence we have evidenced that peaks 1 and 3 ¢ he differenceof two distinct elements of the tensor. This is
respond to thg105), whereas 2 and 4 correspond to the family the so-callecdichroic effect In the case of the or ’ t oct
(015),. -calle the present octa-
hedral environment, each one of the O-Ni—O bonding repre-
sents a principal direction of the local anomalous scattering

dering itself. Unfortunately, these data do not have a congensor of the metal. The dichroic effect can easily pictured by
vincing quality and little else can be said. We believe that OUhoticing that not all the O—Ni—O distances are equal, and

data are suffering from a proper incident beam correction ag, s their corresponding components of the tensor are ex-

a function of energy. The present beamline configurationpecieq to be slightly shifted in energy. As we shall see below,
having the slits and the beam monmitb m apart from the it can give rise tostrikingly similar diffraction patterns and
sample, is very likely inadequate for this type of experimentqreore this dichroic effect can be easily misinterpreted as
in which the incident slits and monitor should be as close tq,, signature of a charge ordering. Here we discuss a full
the sample as possible to perform a proper normalization ofnsor calculation of the structure factor of the anomalous Ni
the incident beam. . in the dipole—dipole approximation and under different po-

One of the goals of this work was to check whether a5i7ati0n conditions. For the sake of completeness we have
postulated orbital o_rderlng _develops concomltantly to thencluded the azimuthal anglé, and the Bragg angle of the
charge and magnetic orderings. A systematic check for reqafiection Og

R . _(1A1 . ) . .

flections indexed byq—(EQE)o_ has been carried out at |5 the following, we shall concentrate on reflections
T=10 K and at different Brlllou_ln zones, en(_jmg with a nuI_I (105), and (015), exclusively. From the calculations dis-
result. This search was carried out at different energ|e§|ayed in Table I, the only element of the structure factor

around the Ni absorption edge in NdNiGFrom the mea-  angor that contributes to these reflections at high tempera-
surement of the background and of the intensity of different, .« s D,ADy;~Dy,~ 7ny)_24 This resonant scattering ten-

Bragg peaks we can conclude that such orbital ordering does%r element can
not exists, or the corresponding peaks are at ledstidf@s

weaker than the fundamental ones. Based on this figure,
very simple minded calculation of the magnitude of the
atomic distortions that an orbital ordering might induce lo-
cates an upper limit at aroured=5x 10"° A. The magnitude

of the distortion observed at Bragg peaks developing below  Dy(E) =0.103,,,(E) + 0.031,_(E) - 0.134(E).

T, although too small to be observed in previous pOWdeLI'he position of the absorption edge for edctepends lin-

diffraction experiments, is far greater than the putative Or'early on the Ni-O distance along each direction. In order to

oS bema A ey e e sUaniaieostmate s magnide ng shod use a o
the magnetic scatte,ring cross section for x rays quate S|mu|§1t|on c_ode, such as FDMNEEHere., we shal
: restrict our discussion to symmetry considerations and take

advantage of the nearly octahedral coordination of Ni. Nev-
ertheless we want to stress that the theoretical discussion
here has been double-checked with simulations carried out

In the absence of orbital orderirin the sense of a coop- with the above-mentioned code. A&\i-O) distances along
erative JT distortionit is not therefore unreasonable to turn x+y andx-y are the same within the error b@t RT),* one
our attention to the charge ordering as the key concept toan readily see thab,,~0.135f,,,—f, and therefore the

The structure factor in Eql) (using rank-2 tensoysor

be calculated from the original diagonal el-
ements of the Ni@ distorted octahedra; i.e., extracting the
?cattering factors along the three Ni-O directighs,, f,-,

and f,). Once the tilts of the octahedra are consideig,
can be expressed to a good approximation as

IV. RXS EXPERIMENTS ON CHARGE ORDERING
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TABLE |I. Partial structure factor of Ni in th®bnmstructure(aboveTy,) and in theP2;/n (below) including a charge order shift.
Below Ty, we have performed the approximation of small and isotropic charge order definedli§-Dj, =Dy, ~Dj =D},-DZ, The
dichroic term is supposed unchanngE%(Di;sz). The first row is the full matrix operator corresponding to the dominant E1E1
resonant process, aboVg,— belowT,;,. For the sake of completeness we have included the structure factor already projected for selected
incoming and outgoing photon polarizations and as a function of the azimuthal éngle

(0 15 (1 0 5)

N 0 08D, [4A 0 8D, 0 0 -8D, [(-4A 0 -8D,
0 0 0]=|0 4a o 0 0 0 |-l 0o -4 o
8D, 0 0 8D, 0 4A -8D,, 0 O -8D,, 0 -4A

Fo 4[A-\ZD,,sin24)] ~4A+33D,, Sir(¢)

Fy'w —4\%sz[5 cog fg)cod ¢p) —cog2¢) sin(6g)] %sz[lZ c0%6g) —5 cog ¢)sin(Og)]sin(¢p)

Fre -4 ZD,J5 cog )c08 §) + cos 2¢)sin( )| £D,J12 co$0p) +5 cogp)sin( ) Isin( )

N 4] A co9205) 2D, Sir(g)sin(2¢)] ~4A co920) -\ 2D, JcoL(bg) + COL(H)Si(O)]

anomalous contribution at both reflections contains a dithe effect of the CO at the K—edge is independent of the
chroic effect! As the distortion of the octahedra is srhall extension of the final states, and therefore it can be consid-
(Adnj-0)~0.007 A the magnitude of the dichroic effect is ered as i_S(_)tropic ina fir;t approximatipn. After some trivial
small (AE<0.4 eV), but the energy dependence signaturedlgebra, itis easy to realize that reflecti¢045), and(105),
should be nearly identical to that expected for a charge ordd®" identically (015, and (109] have non-null diagonal
process developing belof,,. Let us now examine the low €léments belowTy, as now Ni and Np have slightly

. 1 _
temperature structure. Very likely, the space group belgy  different  charge = states[Dy,(E+AE) ~Di,(E), ...], and
is P2,/n,8 with two different positions for NiNi; at site 21 therefore the total contribution does not exactly cancel
and Nj, at site 2)?° and therefore the atomic coordinates out. We define the isotropic shift due the different charge

i i —A=pl-P2=A.=pl _p2
remain unchanged. Both positions are symmetry related iﬁ_tatef alt N|2and Nb as A=4,=Dy~Dy=A4,=Dy, =Dy,
Pbnmthrough a 90° rotation around tlzeaxis[plus transla- =A3=D;,~ Dz, which is nothing eise but thderivative ef-
tion (0,0,%)]. Identical calculations as before can be carrie

7z
dfect[AocAE-anx(E)/&E] already mentioned in the literature
out for both Ni and Ni. Now the diagonal elements,
Dyx, Dyy, andD,,, for each one of the Ni have opposite signs

by several groups. Note that this approximation assumes
and their total contribution to the scattering tensor is zero i

that the diagonal elementd,,,... have the same energy
'ndependence except for a small shift. This approximation
: : i lid in NdNiQ but it does not in, for instance
the absence of charge ordering. As By, above, the diago- remains V‘;‘S . v >
nal elements can be defined in terms of the proper Ni—d’fNaV2o5' where the local poordlnatlon of Vis a pyramid,
prop with d(V-0) distances ranging between 1.611 and 1.965 A

principal axis: (Adwy-0)~0.35 A). From Table I, the result of the charge
D2 = 0.29557 +0.686;5 + 0.014, %, ordering appears in the structure factor as a shift of the Ni
partial structure factor, wittmno azimuthal dependencé&he
D;f: o_eaaﬁfy + 0_312% + 0_01g§l2, second interesting conclusion is that the charge ordering does
not appear in the cross-channetsm and 7-o. It will be
D%fz 0.036‘)1(;§,+ 0.00]]()1(,_2y+ 0.962@'2, evidenced in these channels in a second-order approximation

if the charge order parameter cannot be considered as
where the superindex stands for;Nir Ni, sites. Note that isotropic?* This finding is to be compared with the results
both diagonal and off-diagonal elements of the anomaloushown in Fig. 2 in(Ref. 14, where an azimuthal dependence
structure factor are expressed in the same basikas been found in the intensity of th&05), reflection in the
fiy(E), fxy(E), and f(E) and, therefore, comparison be- o-7 channel. Very likely, these results reflect the azimuthal
tween expected results at different Bragg reflectionst  dependence of the dichroic effect rather the CO itself. An-
done in this papgrcan be easily carried out. Moreover, the other possibility is that the observed dependence contains
atomic scattering factors are strictly proportional to tabulatedsomeanisotropiccharge ordering, which is expressed under
f'(E) and f”(E) for energy values sufficiently different than the conditionA; # A, # As. Further experimental work has to
the absorption edge energy. be carried out to elucidate this latter hypothesis.

The first-order effect of the charge ordering at the K—edge Another issue raised &' is the magnitude of the-w
of 3d transition metal ions is to shift theslleveP’ by an  diffracted intensities at bottf015, and (105, The dif-
amountAE/2 proportional to the charge itsdlf). Moreover, fracted intensities are written as
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l,o(E) o |[Fnr+ FNL(E)(1 -0+ FN (E) 72, orbital ordering should occur in this compound that may ex-
plain the presence of a magnetic ordering characterized by a
1,(E) o |[Far+ FN(E)]7+ FY (B)(1 - 7)|? wave vectorq=(% 0 %). All our experimental efforts have

yielded a null result and if there exists such orbital ordering
where, as mentioned earlier=0.005 is the polarization the Bragg peaks originating from the concomitant lattice dis-
leakage factor between the two polarization channels, antbrtion should be 8 orders of magnitude weaker than those of
Fnr=FC+FNI+FNL is the nonresonant contribution to the the averagePbnm structure. A signature of an exclusively
diffraction?® Interestingly, the intensity in the-o channelis  electronic ordering might be seen in our resonant scattering
expected to be orders of magnitude larger than that of thepectra, but we did not find any. It rather seems that the
o-, despite the fact the)), andF' are of the same order charge ordering, either in the form of charge disproportion-
of magnitude. ation at the metal sites or a ligand hole orderibgnd center

Finally, several other RXS experiments at different Braggordering, triggers the magnetic ordering and further stabi-
reflections will yield important understanding. For instance lizes the magnetic structure. Data obtained in RXS experi-
a dichroic effect betweefy,(E) andf,_,(E) arising from the  ments in single crystals, are hindered by absorption and by
monoclinic distortion can be suitably studiedratk+l=2n  the small size of the crystals. Clearly future work aimed at an
reflections, extinct for Ni and Ni, where the signature of understanding of the charge ordering and of the related
the charge ordering of the type described above should bgoints raised in this paper has to be carried out in thin films.
absent. It will be very interesting to check for the possibility Finally, we have completely worked out the data analysis
of an anisotropic CO and explore the concept of chargéhat one should apply in order to directly quantify the mag-
transfer (bond order vs charge disproportionation at the nitude of the charge ordering as measured by RXS experi-
metal site and properly quantify each one of the solutionsments. The effect of the charge ordering as seen in the energy
RXS is very powerful and certainly can answer this conun-dependence of the RXS is exactly the same as dichroic ef-
drum, once the dichroic effects have been thoroughly considfects arising from the slight anisotropy of the Ni©ctahe-
ered. dra, which have been disregarded in previous
In conclusion, one should beery cautious in claiming experiments®1’We have developed the scattering equations

that the observed effect in the forbidd@xtinct by the non- in the presence of a charge ordering that include the dichroic
symmorphic operations of the space groonmndb) reflec-  effect as well. These equations have been derived from the
tions of NdNiG; is the result of charge ordering alone. symmetry of both high- and low-temperature phases, and
Charge ordering and dichroic effects can be disentangledontain a minimum number of assumptions. In the absence
through azimuthal scang; the former is independent of the of a very detailed study of the resonance, a commensurate
azimuthal angle, whereas the latter do shows a significarg=0 charge ordering contribution can be misinterpreted with
variation. Signatures of the charge ordering are best observeatichroic effects arising from the anisotropy of the anomalous
in Bragg peaks corresponding to new lattice periodicities atom scattering tensor. We have made predictions on the ob-
any), as it has been the case inNaV,0s.28 In the case servability of this effect and we have described proper ways
where the unit cell remains unchanged, one should seek fdo disentangle both contributions. Whereas an azimuthal de-
weak reflections where atoms of supposedly different chargpendence is expected for the dichroic signal, the contribution
contribute out-of-phase, but this procedure might lead temf the CO is independent of the azimuth angle, and it is
misleading results if the space group is nonsymmorphic. absent of the photon polarization crossed-chanaets and

m-0. These calculations can be straightforwardly extended to

other perovskite-type structure compounds, such as the co-

V. CONCLUSIONS lossal magnetoresistance manganites.

In this paper, we have shown that NdNi@xhibits a
small but noticeable lattice distortion &}, that is identified
as the charge ordering transition, in a manner similar to other We would like to acknowledge P. Bordet for helpful dis-
rare-earth nickelates. We have carried out resonant x-ragussions concerning the domain structure of Ndi\\D Joly
scattering experiments on NdNj@ingle crystals in view of  for a careful reading of the manuscript, and D. |. Khomskii
proving or disproving a longstanding hypothéSithat an  for very useful correspondence.
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