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Neutron-powder-diffraction experiments df*SmNiO, and 1>*EuNiO; at different temperatures have been
performed. At variance with the case of Pr and Nd nickelates, the metal-insulator transition temperature in
these compounds are different from the eNeemperature(T,,,,~400 K, Ty~230K for Sm andTy.,
~480 K, T\=220 K for Eu so that the magnetic ordering develops upon cooling in an insulating matrix. With
decreasing temperature the crystal structure undergoes a 0.15% lattice expangjgn dhe crystal symme-
try Pbnm does not change within the experimental error, but the Ni-O average distance increases and the
superexchange angle Ni-O-Ni decreases slightly in the insulating regime. The magnetic structure of both

compounds has the same propagation vdcto(%,o,%) as observed in Pr and Nd nickelates. This feature leads

us to speculate that the orbital ordering responsible for the magnetic structure is a characteristic of the
insulating state of th&NiO; series(at least for light rare earthR). A search for small nuclear superstructure
peaks characterizing the orbital ordering has been carried out without success. The consequences of our
experimental results are discussed in the context of current ideas about superexchange in oxides.
[S0163-182¢08)01401-5

[. INTRODUCTION tronic structure, they are placed at the boundary separating
“low- A metals” and “charge-transfer insulator’In nick-

Perovskite oxides are currently of high interest because oflatesRNiO5 (R: rare earth a metal-insulator ¥1-1) transi-
the panoply of exotic physical properties they display. Aftertion takes place as a function of temperafuret, in contrast
the discovery of superconductivity in perovskite-related ox-to the manganites, no doping is needed to induce such a
ides, the colossal magnetoresistance observed in Mn-bas@tienomenon. The transition temperatlisg, can be easily
perovskites is attracting the interest of condensed mattetined by varying the rare earth. This temperature seems di-
scientists. Among the phenomena observed in these materirectly related to the steric effect induced by &' cation,
als are different electronic processes like structural transiyia the change of the superexchange angle Ni-O-Ni and
tions induced by an external magnetic field, charge orderingzence the bandwidth.’” The structural features accompany-
and orbital ordering due to cooperative Jahn-Telél)  jng the M-I transition for R=Pr and Nd, have been dis-
effect? Charge and orbital ordering in manganites are fasciy ssed extensively in Ref. 6, and can be summarized as fol-
nating phenomena that deserve deeper studies using differggf, . e cell volume increases on going from the metallic

expenmeptal tec_hnlques, in order o determ!ne prec_lsely th?o the insulating regime as a consequence of a slight increase
real physics behind these concepts. These interesting physi

. , . : of the Ni-O distancesAdy.o~+0.004 A). The increment
cal properties of Mn perovskites appear on doping with holes . ) . . . .
(by substitution of an alkaline earth for the rare epr@uali- of the Ni-O distances mduc_es' ad.d ttional tilts of the HiO
tatively, many properties of these materials can be underQ(_:tahe‘_]Ira that produce a d'm'm{['on of the _superethange
stood within the classical scheme of a hole-doped MottNI-O-Ni- angle A@¢.nio~—0.5). At variance with
Hubbard insulator in which double exchange, HundLaMnGs, no orbital ordering is apparent from the anisotropy
coupling, and the Jahn-Teller effect play crucial roles. How-Of the Ni-O distances in Nipoctahedra, even if low spin
ever a proper formulation of the theory is still lacking. Ni®*(tyg%e;) is susceptible to the JT effect as is
Rare-earth/nickel perovskites have some common charadsAne’*(tzg?’eé). This is probably a manifestation of the more

teristics to their Mn homologues but, concerning the eleccovalent character of the Ni oxides: the higher crystal field

0163-1829/98/5(1)/456(9)/$15.00 57 456 © 1998 The American Physical Society
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in the latter makes the ionic picture less adequate than in Mn 5.50 ———T T
oxides. However, the magnetic structure observed for Pr and I
Nd compounds led us to postulate the existence of some kind
of orbital ordering in these perovskitBgyen if the structural 5.45 |
distortion associated with this ordering is not detected by our
experimental methods. In these two compounds Nhd
transition temperature is also the @letemperature. Both
compounds become magnetically ordered in the insulating
regime. This feature led some of us to think about an abnor-
mal situation in which a spin-density-wavelike state existed
in the vicinity of Ty, in the metallic state that condensed
into the peculiar magnetic structure observed for Pr and Nd e
compounds in the insulating regime. The Sm and Eu com- 5.30 1
pounds, in which both temperaturdgy and T,,.,, are well
separated, were good candidates to investigate the stability of
this magnetic structure against the proximity of the metallic

2

Cell parameters (A)

5.40 |

535 |

state. The high absorption of neutrons by natural Sm and Eu : ]
precluded a neutron experiment. The availability }6fSm &~ 2190 ]
and >*Eu allowed us to perform a series of neutron experi- T ]
ments in order to complete the structural study performed @ 218.5 ;
with x-ray diffraction and to investigate the magnetic struc- S ]
: = 2180 ]
ture of these two members of the series. 9 ]
D 2175 3
o —O-154gmNio, 1
IIl. EXPERIMENTAL AND DATA ANALYSIS = 3
5‘ 217.0 _...153EuNio
Powder samples of Sm and Eu nickelates were prepared 8
starting from isotopic 99% enriche®‘Sm,0; and *>*Eu,0;, A ——
. ; ; 0 100 200 300 400 500
respectively. We used the procedure described in Ref. 4.
Several powder diffractometers at the Laboratoiren.8ril- T(K)

louin (LLB) in Saclay and the Institute Laue-LangevihL )

in Grenoble, were used in this study. The banana-type dif- FIG. 1. (@ Cell parameters, b, andc/v2 and (b) unit-cell
fractometer G4.1X~2.43 A, graphite focusing monochro- Volume of ***SmNi0; and **EuNiO; as a function of temperature.
mator, 26,,~42°), was used for determining the magnetic Experimental points frorr_1 different m_struments have been grouped
structure and the evolution of the unit-cell parameters be2fter wavelength correction as explained in the text.

tween 1.5 and 230 K. Several neutron-powder-diffraction . _ _
patterns were collected by using a standard Orange cryostiit the Caglioti's formulawere refined close to the resolution

(temperature stability better than 0.1.KTo investigate the function of the respective diffractometers, indicating very
structural changes across the| transition in the Sm case good sample quality. The background was either interpolated

(Ty.1 =400 K) two high-resolution diffraction patterns were betyveen a set of manually determ_ined points or refined using
recorded at 375 and 410 K on the diffractometer 3T22 S|x-_parameter polynomlgl function. The Fermi lengths of
[G&(335 at a takeoff angle of 90°A=1.22 A, Q. the dlffe_rent nuclear species were taken from R_ef. 10. The
=9.2 A~Y). A furnace, with the sample under vacuum, wasmagnetic form factor for Ni atoms was taken using the co-

used to change the temperature of the sample above rooﬁ{ﬂmeqts given in the Irlternat[onal Tabfésfor the spin
temperature. The magnetic and crystal structures of the ERNIY: {io). part of the N#* free ion. For that of ST we
compound were studied, between 1.5 and 200 K, using da Sed, the dlp_olar apprOX|matlb’nar_1d the coefﬂment; given
collected on the ILL diffractometer D1AGe(115) at a take-  10F {Jo) and<1+2>_ in Ref. 11. No evidence of magnetic order-
off angle of 120°A=1.91 A, and G&13 A=2.99 A]. The  ing of the Ed™ ions was found. .

absorption cross section 8P*Eu is still quite high but good The cell parameters obtained with difierent insiruments
quality diffraction patterns could be obtained by using a hol-Vere recalibrated by refining the neutron wavelength and

low vanadium sample can of diametéts, ..~ 9 mm, and zero point of the corresponding diffractometer in order to
Beyerna 10 Mm. The diffractometer Dielgac';‘ the I,LL)\( match the cell parameters obtained with x-ray diffraction at
external .

—2.52 A), similar to G4.1 but with more flux, was used for high temperature. After the correction of the wavelengths

a high counting experiment devoted to determining the presP<" full refinements of the diffraction patterns were per-

ence and/or absence of superstructure peaks associated to {ﬂgned.

orbital ordering in SmNi@ The counting time for each of

the two recorded patterng20 and 320 Kwas 36 h. Ill. RESULTS
All data were analyzed using the Rietveld method for

crystal and magnetic structure refinement with the program

FULLPROF? The peak shape in profile refinements was de- The temperature dependence of the cell parameters is dis-

scribed by a pseudo-Voigt function. The parameters modelplayed in Fig. 1. It is worth mentioning thatv2 lies be-

ing the full width at half maximum of Bragg peakd, V, W  tweena andb. This is the usual situation in perovskites

A. Structural behavior
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TABLE . Structural parameters and conventional reliability in-  TABLE Il. Interatomic distancegin A) and anglegin degreep
dices obtained from the Rietveld refinement of the diffraction pat-calculated with the parameters given in the previous table. The
terns of “SmNiQ; at both sides of theéM-I transition and for  distortion parametenA of a coordination polyhedron BQwith an
15 UNIO; at 1.5 K. average B-O distancéd), is defined asA=(1N)=,_;n{(d,
—(d))/{d)}2. {w) is the average tilt angle of Nioctahedra.

BISMNIO;  1%%SmNiO;  1SSEUNIO,

4SmNIo;  SmNio;  1SEUNIO,

Temperature 375 K 410 K 15K
Space group Pbnm Pbnm Pbnm Temperature 375 K 410 K 15K
Rare earth (4) Space group Pbnm Pbnm Pbnm
(xy1) dyiog (X2) 1.9421) 1.94Q1) 1.9371)
X 0.99085) ~ 0.99085)  0.98644)  Unioz2(X2) 1.9612) 1.9642) 1.9662)
y 0.05042)  0.04922)  0.05843) (x2) 1.9532) 1.9442) 1.9562)
B (A?) 0.703) 0.763) 0.10 (dni-o) 1.9521) 1.9491) 1.9531)
Ni (4b) A (X10°%) 0.16 0.29 0.36
(%OO) Ni-O1-Ni (X 2) 154.q1) 154.21) 152.q1)
2 Ni-O2-Ni (X 4) 152.83) 153.43) 151.42)

g 1()? 4():) 0.362) 0.382) 0.32 (Ni-O-Ni) 153.22) 153.712) 151.41)

h (w) 13.41) 13.21) 14.21)
(xyz) dros 2.4103) 2.4183) 2.3613)
y 0.48555) 0.48625) 0.47965) dR-OZ (XZ) 2.54&3) 2.5543) 2'52(13)
B (A% 0.705) 0.704) 0.46 droop (X2) 2.3513) 2.3562) 2.3372)
02 (8d) droz (X2) 2.6363) 2.6322) 2.6082)
(xy2) (dr.o) 2.4741) 2.4771) 2.4481)
X 0.70764) 0.708a4) 0.70224) A (X104 25 47 24.40 24.30
y 0.29293) 0.29333) 0.29614)
z 0.04263) 0.04133) 0.04343)
B (A% 0.753) 0.653) 0.59 published data and our present results for SmN#hd
a(A) 5.33011) 5.33161) 5.28111) EuNiO; (see caption of Fig.)31t is worth remarking that the
b (R) 5.42961) 5.42421) 5.46411) average Ni-O distance in the insulating compounds is cen-
cA) 7.568@2) 7.56612) 7.51102) tered about 1.945 A at low temperature, significantly higher
Rwp (%) 6.50 6.16 4.95 than that(1.933 A corresponding to metallic LaNiQ The
Rexp (%0) 5.17 5.22 2.53 smooth increase of the average Ni-O distan@iNi-O)),
X2 1.58 1.39 3.83 with decreasing size of the rare-earth ions just reflects the
Rg (%) 5.77 451 5.36 evolution of the electronegativity along thd 4eries(from

1.10 for La to 1.17 for Sm*3 This is not the case for the
average Ni-O-Ni angle{Ni-O-Ni), which is, as expected,
where the primary distorting effect is steric. This is in con-strongly dependent on the rare-earth gizee Fig. 8b)].
trast with LaMnQ in which the strong cooperative JT effect
induces an orbital ordering distorting the MnO octahedra and
gives rise to the so-calle@®’ structure withc/v2<a<hbh. ) ) )
The neutron-diffraction experiments confirm the thermal ex- The neutron-powder-diffraction patterns of SmiiGb-
pansion already determined with x-ray diffractfon. tained below the Nel temperature Ty~230 K) show the

The structural behavior observed across ke transi- Presence of small magnetic reflections that can be indexed by
tion is similar to that observed for Pr and Nd compounds. Inusing the propagation vectdr=(3,0,5). This is the same
Tables | and Il we have gathered the whole set of crystallomagnetic lattice as in Pr and Nd compounds, so the discus-
graphic parameters and geometrical data characterizing tlsfon we presented in Ref. 8 for determining the magnetic
crystalline structure of SmNiQat both sides of thevi-I structure of the Pr and Nd compounds can be extended to the
transition. Crystallographic parameters of EuRli& low Sm case. Using the same magnetic model for Ni and Sm
temperature have also been included. A plot of the observedtoms as in the case of NdNjOwe have refined the neutron-
and calculated powder-diffraction patterns’8fSmNiQ; re-  diffraction patterns obtained on G4.1 from 1.5 up to 230 K.
corded on 3T2 just above thd-| transition is presented in In Fig. 4@ we show the observed and calculated diffraction
Fig. 2(@). The low-temperature refined pattern of EuNi®  patterns at 1.5 K. The magnetic structure is shown in Fig.
depicted in Fig. ). 4(b).

The geometrical parameters relevant to ke transition As in the case of NdNig only half of the(001) planes of
are the average Ni-O distance and the superexchange ang&it" have a nonvanishing magnetic moment at Sm sites.
The later governs the transfer integiig),4 determining the  This is the result of the cancellation of the molecular field at
bandwidth and hencg,,_, . We have represented the behav-someR sites due to the particular spin arrangement of Ni
ior of these two geometrical parameters for fReations in  ions. In the present case the weakness of the magnetic reflec-
Fig. 3 as a function of temperature. We have used previousltions makes the distinction between the equal-moment ar-

B. Magnetic ordering
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FIG. 2. (a) Observed(open circle§, calculated, and difference
(continuous  lines  neutron-powder-diffraction  patterns  of T(K)

154SmNiQ, at 410 K (metallic state obtained in the diffractometer

3T2. The second row of reflection markers represent the contribu- FIG. 3. (a) Average Ni-O distances andh) average superex-
tion of a minor NiO impurity. (b) Observed and calculated change angle Ni-O-Ni, vs temperature for differdiNiO; com-
powder-diffraction patterns of>3EuNiO; at 1.5 K obtained in the  poundsR=La, Pr, Nd(Ref. ), *Sm, and®®u (this work), de-
diffractometer D1A. termined from neutron-powder-diffraction refinements.

rangement for Sm and the model we are discussing quitment in PrNiQ (=~0.9ug), NdNiO; (=0.9ug), and
difficult. Nevertheless the presence of the same propagatioBmNiO; (=0.9 ug) and EuNiQ (=~1.2ug). The anoma-
vector as in the Nd compound, suggests the same behavidious large value found in the Eu compound probably arises
In Fig. 5, the value of the Ni magnetic moment in from the difficulties in properly handling the absorption cor-
SmNIQ; has been represented as a function of temperatureection in the treatment of the diffraction patterns in the pres-
The continuous curve has been calculated by using the Brilence of weak magnetic reflections. The absorption normally
louin function with a saturation momept,,~=0.85ug and a  affects the scale factor and the thermal parameters. The
transition temperaturéy=230 K. atomic coordinates are, however, almost independent of the
The refinement of the crystal and magnetic structure ofibsorption coefficient used in the refinement. Nevertheless,
EuNiO; [see Fig. &)] was affected by a relatively large the increase of the magnetic moment of Ni in the Eu com-
absorption, so the accuracy of the refined parameters is nppund could have a real physical significance, in the sense
as good as in the Sm case. The magnetic structure of EuNiQhat if the covalence of the Ni-O bonding increases on going
produces Bragg peaks indexed with the propagation vectdo smallerR, the partial electron transfer from oxygen to Ni

k=(3,04) and is the same as in the other compounds. Thécreases the effective moment at Ni sites. This point needs

temperature behavior of the Ni moment is also displayed iffonfirmation on a sample &NiOs with a smaller rare earth.

Fig. 5 together with the calculated moment from the Bril-
louin function with wg,=1.18 g and Ty=220 K. No or-
dered magnetic moment has been detected in tiié Bns,
however the weakness of the magnetic reflections does not The ground-state magnetic ordering of Smjli@nd
allow us to discard this possibility. To be noticed is the dif- EuNiO; is of the same type as that already observed for Pr
ference between the saturation value of the Ni magnetic moand Nd nickelates, so it seems that the exchange interactions

IV. DISCUSSION
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function.
o Ni3+
® Sm 3+

sition characterized by a propagation vectpr(3,0,3),
identical to that of the magnetic structure in the setting
Pbnm leads to crystal structures belonging to two different
settings of the space grougb2;m (a’'=2a, b’'=b, ¢
=2c¢), P2, (@’=a+h, b'’=b, c'=a—c) or P2;/c (a'=a
+b, b’=b, ¢’=a—c), (see Ref. 18 The latter cannot de-
scribe an orbital ordering compatible with the observed mag-
FIG. 4. (a) Observed(open circle, calculated, and difference netic structure, but the former is the most symmetric group
(continuous  lings  neutron-powder-diffraction  patterns  of satisfying this prescription. In Table Il we have written the
'5SmNiO; at 1.5 K (insulating statgobtained in the diffractometer atom positions ofRNiO; in the Bb2,m setting. The two
G4._1. The magnetic reflections are gxplicitly indexeth) Mag- orbital orderings shown in Fig. 6 ha&h2;m symmetry and
netic structure of ®'SmNIO;. In **%EuNiO; the arrangement of the o compatible with the observed magnetic structure and the
Ni moments is identical, however no ordering of the Eu sublattice d h-Kanamori rules for superexchatsse Appen-
has been observed. ((jgig;) enoug P PP
If the orbital ordering produces a significant distortion of
the NiQ; octahedra, it could be possible to observe super-
structure peaks corresponding to the propagation vegtor

coupling nearest Ni neighbors in the insulating state have "~ ° o )
alternating opposite signs. This is a strong conclusion that (z,0:z) in the paramagnetic insulating state. We could not

can be obtained from a straightforward analysis of a classicdletect such a change in the crystal structure in our earlier
Heisenberg Hamiltoniarisee Appendix Thus, within the work; thus we have attempted to detect the signature of the
widely accepted framework of the Goodenough-Kanamororbital ordering(that we assume to be established in the in-
rules*° for the sign of the exchange interactions in insula-sulating regimgby a high intensity neutron-diffraction mea-
tors, the observed magnetic structure could only be the resuturement. The comparison of diagrams at IGnsulating

of an orbital ordering allowing the alternation of positive andstate and high(metallic statg¢ temperature is shown in Fig.
negative exchange interactions. In Figa)gs shown the or- 7. We could not see any indication of superstructure peaks.
bital ordering existing in LaMn@(Ref. 16 and, in Fig. 6b)  We have made an estimation of the oxygen displacements,
and Fig. &c), the two possible orbital orderings f&NiO5;  for the orbital ordering proposed in Fig. 6, with respect to the
(R=Pr, Nd, Sm, Eu) are depicted. In the case of LaMnO average cell in th& bnmsetting that is compatible with the
the orbital ordering does not break down the crystallographiobserved diffraction patterns. For that we performed a simu-
symmetry of the orbital-disordered phaseb(nm) existing lation of the observed diffraction pattern, considering that all
above the Jahn-Teller transition temperatdig~790 K.  the atoms, except the oxygen atoms deriving fro2)On

The orbital ordering is experimentally detected just by athe basal plane, conserve tRédnmstructure. We produced
change in the local geometry of Mg@ctahedrd’ In RNiO;  a synthetic diffraction pattern calculated with the orbital-
the orbital ordering compatible with the magnetic structuredisordered structure with a counting statistic similar to the
should make Ni atoms nonequivalent, so a change of cryseal diffraction pattern obtained in D1B, but with a high
tallographic symmetry is expected. A group theory analysigange(as in 3T2. We started the refinement of the synthetic
of the space groups compatible with a structural phase trardiffraction pattern using deformed NiQctahedra. The re-
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FIG. 6. (a) Schematic representation of the orbital ordering in LaMnQb) and (c) two possible orbital orderings iRNiO; (R
=Pr,Nd,Sm) compatible with thBb2;m symmetry. We have represented the occugigdrbital of LS-Ni**(t,,%e,") and Mr#* (t,5%e,")
by dark lobes that mimics the electron density. The relative orientation of the lobes give rise to roughly four types of exchange interactions
Aw, As, Fw, andFg. The projection of the unit cell is referred to tBb2,m setting. See Appendix for details.

finement of the Ni-O distancegising generalized coordi- are too weak to be observed. An example of such a distortion
nates was done in thé8b2,m setting, as given in Table Ill, is given by the oxygen, positior{@ italics) in Table Ill. The

but keeping the®bnm constraints, except for oxygen atoms most intense superstructure peak for that caseXs@ *
021, 022, 023, and 024. We arrived at a situation in whichtimes smaller than the most intense fundamental reflection,
a significant distortion can exist but the superstructure peakisut the Ni-O distances are
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TABLE lll. Atom positions of the orbitally orderedRNiO3 the orbital ordering still remains to be demonstrated in
compounds. The symmetry Bb2;m (standard settingmc2;)  RNiO3; compounds. The availability of single crystals and/or
with two Wyckoff positions: “zero matrix” isotopic mixtures of Sm and Ni ions, so that

+(0,0,0;(3,0,3) b(Sm)~=b(Ni)~0, seems to be of absolute necessity to un-
ambiguously state that orbital ordering is a relevant concept
in these materials. The isotopic sample is being prepared for

(4a) .m (X.y,0;(=x,y+3,0). future experiments. Another possibility is that our ideas

about superexchange interactions are too simplistic and the
The particular values of the atom coordinates correspond to those éoodenough-Kanamori rules do not apply to the present
the super-groufPbnm for T=375 K. Fractional coordinates are case. In any case, the existence of other subtle interactions
referred to the unit cella’=2a, b'=b, ¢'=2c. The origin of the  able to stabilize the observed spin arrangement should not be
new cell with respect to thebnmecell is (3,0,5). Coordinates in  disregarded.
italics represents a distortion of the Nj©ctahedra giving rise to
small superstructure peaks that cannot be seen in our experimental ACKNOWLEDGMENT
conditions(see text for explanation

8b) 1 (x,y,2);(—x,y+3,2:(XY,~2);(—-%xy+3,—2)

We are indebted to the Russian Foundation of Fundamen-

Atom Bb2,m site X y z Pbnmsite tal Researches for making possible the development of this

Sml (%) 0.36983 0.05029 O Sm &3 work.

Sm2 (da) 0.36983 0.05029 3

Sm3 (&) 0.11983 0.44971 0.25000 APPENDIX

Nil (8b) 0.12500 0.00000 0.12500  Ni P} We demonstrate that a uniforfsame sighdistribution of

Ni2 (8b) 0.12500 0.00000 0.37500 the exchange interactions between nearest neighbors in the

011 (42) 0.41497 0.48426 0 o1¢ perovskite Ni lattice is incompatible with the experimental

012 (4a) 041497 0.48426 3 results obtained foRNiO5. For simplicity we consider the

013 (80) 0.16497 0.01574 0.25000 simple cubic perovskite lattice. The orthorhombic nature of

021 (&) 0.22831 0.29248 0.39595 02dB the compounds does not substantially change the conclusion.
0.22843 0.29282 0.39595 The experimental ground-state propagation vector with re-

022 (8) 0.22831 0.29248 0.89595 spect to the “pseudocubic” subcell ks=(3,%,%). We con-
0.22700 0.28899 0.89570 sider that the magnetic ordering &t=0 corresponds to the

023 (8) 0.47831 0.20752 0.14595 minimum energy described by the classical Heisenberg en-
0.47996 0.20275 0.14623 ergy:

024 () 0.47831 0.20752 0.35405

0.47778 0.20881 0.35420
E=-2 %S-S, (A1)

whereS are considered as classical spins at siie ifter-
acting with the spin at site " through the exchange inte-
gral J;; . Whereas there is no rigorous expressionJgrin

real insulating materials, we assume as valid the qualitative
expressions fod given by Zeiger and Prattin their descrip-
tion of the semiempirical Goodenough-Kanamori rulede-
pends on the transfer integrél the electrostatic energy

. . . 74 .
=Distortion:  1.3<10°% and, eventually, on the intra-atomic exchad§¥2 The ex-

This is an artificial case, but it illustrates the lack of sensi-Pression ofl is formed by a set of contributions involvirig)
tivity of the diffraction pattern to small distortions conserv- both orbitals are half filledAF): J(;)~—T5,4U, (b) one
ing the average Ni-O distances and the average tilt angle ¢¥rbital is half filled and the other is empty or fulF§:
octahedra for the present structure. Iy~ Tapad™¥ U2, and (c) direct exchangd e (F) (see

In the field of magnetic intermetallic compounds there areRef. 20 for details The most important term is generally
many cases in which spin arrangements of the type ) but qualitative predictions of the relative strengths and
(++——) along a crystallographic direction are observad. signs can be made based on the geometrical characteristics of
In these systems the Ruderman-Kittel-Kasuya-Yosiddhe cation-anion-cation bonds. The consideration of aniso-
(RKKY) interaction makes it possible to have second andropic exchange, single-ion anisotropy, dipolar, or higher-
further neighbor exchange integrals of the same order ofrder (biquadratic for instangespin interactions will not
magnitude as that for first neighbors, so that propagatiowhange our conclusions. This is so if we consider, as is the
vectors of the typ&= 7/4 (7 is a reciprocal lattice vectpare ~ common belief in insulators, that the isotropic exchange, be-
stabilized in simple structures. It seems unlikely that interactween the spins of two not too distant atoms, is the most
tions similar to RKKY type exist in insulators. The scheme important term responsible for the magnetic ordering. The
of orbital ordering allows the explanation of the observedFourier transform of Eq(Al) permits us to get a finite ex-
magnetic structure in terms of semiempirical rules that seerpression of the magnetic energy we consider that;;=0
to work in many cases. However, the effective existence ofor R;;>R,) as a function of the exchange parameters and

d(Ni1l-0)={2x1.9413,1.9513,1.9346,1.9493,1.9516
=Distortion: 0.2<107%,

d(Ni2-0)={2x1.9413,1.9607,1.9749,1.9913,1.9951
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FIG. 7. Background corrected diffraction patterns obtained at 420 and at 320 K on D1B. No evidence of nuclear superstructure peaks
coming from the orbital ordering is observed. The calculated pattern for the model given in Table IIl is also shown. Arrows indicate the

positions at which nucleaq=(%,0,%) superstructure peaks, characterizing the orbital ordering, are expected to be more easily seen.

the propagation vectdisee Ref. 2L For the perovskite lat- bond to the intervening anion. The case of LaMri®well
tice it can be written up to the fourth-nearest neighbors as known. The Jahn-Teller effect in this compound makes the
B _ nearest-neighbor interaction positive in theb plane and
Jk)= _E/NSZ_ZJl{COSZTkx+C052’TkV+COSZ’Tkz} negative alongc, so the exchange parametdr is split as
+2J,{cos2r(k+ k) + cos2m(ky,—k,) + cos2r(k, Ji=J1y=31#J31,=J;. The expressionA2) considering
only next-nearest neighbors is written as
+k,) + cos2m(k,—k,) + cos2r(k,+k,) + cos2r(k,

— k) 235{C0S2r(ky Ky + ky) + COS2T(ky— K, J(k)=2J,{cos 27k, +cos 27k} +2J; cos 2rk,.

+Ky) + OS2 (ky— K, — k) + COS2m(Ky Ky —k;)} ForJ,>0 andJ; <0, J(k) is maximum fork = (0,03), that
corresponds to thé\-type magnetic structure observed for
+2J,{cosdmrk,+ cosérk,+ cosdmk,}, (A2) LaMnOs.

whereN is the number of magnetic ions arglis the spin In the case oRNIO; compounds the orbital ordering is
eculiar. In their magnetic structure each Ni atom sees three

value. The ground-state propagation vector is obtained by>>"" X ;
maximizing J(k) with respect tok. The above expressions i nelghbors coupled fgrromagnetlcally and_three antiferro-
for J lead clearly to|J,|>|J| (i=2,3,4), so if we neglect magnetically, so that sigd(R;,R;+r,)]=—sigiJ(R; ,R;
next-nearest and farther neighbors interactidfk) is maxi- —rJ)l, V\_/herera IS .[100]' [01.0]' or[O_Ol]. Thus the common
mum for k=(0,0,0) (ferromagnetism if J;>0 or for k assumption of parityeach Ni atom is a center of symmetry

—(L 11y 0. The | p . q of the spin Hamiltonianfor the exchange integral between
=(3,2,3) if J;<0. The latter configuration corresponds 10 o, 4tom and the six nearest neighbors in the simple perov-

the G-type magnetic structure observed in the majority ofgyite Jattice is not fulfilled. Actually, the above conditions for

perovskite oxides AB@having a single type of B ion. nearest neighbors in the perovskite lattice suffice to stabilize
Considering propagation vectors of the fork  he observed propagation vector. However, the simple analy-
= (k,k,k), the above expression simplifies to sis presented for a primitive cubic lattice is no longer pos-

_ sible because of the disappearance of the center of symmetry,
J(k)=6J,16(J1 1 J5)cos2rk+6(Jz + Jy) Cosdrk which is a characteristic of atoms located in a Bravais lattice.
+2J5c0s67k. (A3) In previous work’'® the proposed orbital ordering was not

_ _ _ N _ described in detail. The two degener&g orbitals, dy2_ 2
It is straightforward to verify thak= 3 could be a maximum =V312(x2—y?) andd,z=ds, 2= 2%(322—r?), split as
z 75— 1

of Eq. (A3) (dJ(k)/dk=0 andd2J(k)/dk?<0) only if J;

=0 andJ,+J,>0. These conditions are necessary ker q=C10y2_ 2+ Colz,e_ 2

1 . . . g 1Yxe—y 243z —r4

7 to be the ground state but not sufficient. These conditions

are contrary to What is expected from sup_erexchangg theory Ye=Cotio_yo—Cidgp 2.

in insulators applied to the perovskite lattice, for whigh

should be the most important term. Herex,y,z are local coordinates related to a particular NiO

The effect of an orbitag, ordering is to makel between octahedron. They can be oriented with respect to the crystal-
nearest neighbors of different sign depending on whethelographic cell in different directions. The coefficiertts and
neighboring cations have a half filled or empty orbital ¢, can be different for the two types of Ni existing in the
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cell. If the coefficients are the same for all the Ni ions in theshould produce a two long and four shorter Ni-O distances,
cell, the orbitals can be distinguished by their orientationwhereas thed,2_,2/d,2-orbital ordering should give a two
with respect to the crystallographic cell. In such a case ifshort and four longer Ni-O distances. It is more probable that
c;>cy, as for LaMnQ, the d-symmetry-type orbital is the actual orbital ordering in theNiO; compounds is of the
predominant. In Fig. @) this type or orbital ordering is il- g, ./d,. type, because the expected distortion is smaller.
lustrated for LaMn@ and in Fig. @b a The orientation of the orbital lobes depicted in Fig. 6

Bb2,m-symmetry-compatible d,.-orbital ordering for  gives rise to roughly four types of exchange interactiéps
RNiO3; compounds in the insulating state. The other possibley. £ and Fs, verifying the following relations:
orbital ordering is illustrated in Fig.(6), it corresponds to a —J(AQ>—J(Ay) = J(F9)>J(Fy)~0. These interactions
site (Nil, for instance in which c;>c, and to another site . 11 , .
(Ni2) with C;>c,. This dye_y2/d,2-orbital ordering was 91V€ thek=(z,0,7) magnetic ground state characterizing the
proposed for the first time in Ref. 8. Tiigz-orbital ordering  RNIO3 perovskites in the insulating regime.
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