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Decoupling of orbital and spin degrees of freedom in Li_,Na,NiO,
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In the Li;_,NaNiO, solid solutions, three different single-phase regions existxfe0.9, forx=0.7, and
for x=<0.3. Although the intermediate compound does not show the cooperative Jahn-Teller transition of
NaNiO,, its magnetic properties remain very similar, particularly with respect to the low-temperature three-
dimensional magnetic ordering. Therefore, the strong coupling between orbital and spin degrees of freedom,
characteristic of other oxides like perovskites, and usually invoked to explain the absence of both long-range
orbital and magnetic ordering in LiNi) does not take place in these layered compounds wRB° super-
exchange bonds. We also discuss the relevance of the O crystal-field splitting induced by the trigonal distortion
in generating antiferromagnetic in-plane Ni-Ni interactions.
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The interplay between orbital and spin degrees of freedonayer FM and AFM couplings in LiNiQ, as considered by
in transition metalTM) oxides can yield peculiar magnetic some author&!® Concerning the orbital occupation, no JT
structures and thus is a subject under active resédrcthis  transition is observed.
context, the absence of both long-range magnetic and orbital On the other hand, NaNiKundergoes a cooperative JT
ordering in layered LiNiQ, indeed clearly observed in iso- ordering of the Ni* ions at 480 K, reducing its symmetry
morphic and isoelectronic NaNig¥—*is especially puzzling. from rhombohedral to monoclinic. It presents a long-range
Recently there have been attempts to explain these curios M order below 20 K22 It has been speculated that a dif-
different behaviors, but the situation is still unsettled. Mostferent oxygen crystal-field splitting would inhibit these AFM
model$—° assume an important coupling between the spirin-plane Ni-Ni interactions in NaNiQ yielding its different
and orbital states, considering that frustration or the particumagnetic properties
lar orbital ordering in the triangular lattice of LiNiOnhibits We perform here a crystallographic and magnetic study of
the stabilization of a three-dimensional magnetic orderingLiNiO,, NaNiO,, and L Nay NiO,.2* Our main point is
Here, our synthesis and study of intermediate INa,NiO,  that samples with this intermediate composition do not un-
compounds shows that the macroscopic Jahn-Tg¢b&)y  dergo the JT transition of NaNiQbut keep a rhombohedral
transition observed in NaNiQOcan be eliminated by a small structure like LINIGQ, even at low temperature. In spite of
amount of Li replacing Na ions. Paradoxically, the magneticthis fact, they achieve the long-range magnetic ordering of
properties exhibited by Li-doped NaNj®emain very close NaNiO,. This shows the decoupling between orbital and
to those displayed by the pure NaNiQOur experimental spins for these oxides with-90° bonds. Furthermore, the
observations support previous analy$ind recent theoreti- quantification of the trigonal distortion in these three com-
cal calculation¥ showing that, in the~90° TM-O-TM sys-  pounds also allow us to discuss its relevance in generating
tems, orbitals and spins are essentially decoupled. Departuie-plane AFM interactions in LiNiQ, conjectured to sup-
from the ideal 90° angle, and the contribution from extrapress the magnetic orderifg.
overlapping® or crystal-field splitting effect$ have been in- The products were obtained by classical high-temperature
voked to strengthen the coupling between spins and orbitalsolid-state reaction. They were synthesized from,®ja
in these systems, but the results reported here indicate thhiO, and LiOH-HO powders. The starting materials were
those hypotheses are not appropriate in the case of LINIO mixed in an argon atmosphere with a 10% exces$N#

The a-NaFeQ structure of LiNiQ has planes of Ni mag- +Li) to account for volatilization losses. The mixture was
netic ions arranged in a triangular network. No long-rangeheated under flowing oxygen at 680 °C for 24 h. Twelve
magnetic ordering has been reported for this compound. Theamples with compositiond.i; _,Na)NiO, with 0=x=<1 (x
Ni%* ions are in the low spin configuratio'j’lggeé), with s denotes the nominal Na contgntere prepared. Their cat-
=1/2 on thedoubly degenerate, level. The Goodenough- ionic compositions were analyzed by atomic absorption
Kanamori-Anderson rules yield ferromagnetieM) spin ex-  spectroscopy. The crystal structure was studied by x-ray
change couplings between nearest-neighbor Ni ions in thpowder diffraction. In order to detect possible magnetic or-
same plane. The measured Curie-Weiss temperature indicatésring, neutron powder diffractiofNPD) data were col-
the predominance of FM interactions. Interestingly, it haslected down to 1.5 K on the CRG-D1B instrument at the
been recently pointed ot that the trigonal crystal-field Institut Laue Langevin. The x-ray and neutron diffracto-
splitting of the O 2 orbitals could also induce antiferromag- grams were refined by the Rietveld technique usingrthe-
netic(AFM) exchange integrals in the Ni planes. That would PROF software!®
give a microscopic foundation for the coexistence of intra- It is not possible to synthesize single-phase samples for
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0), 3b (001/2, and & (0 0z=0.29 positions, respec-
tively. Forx=0.9, the monoclinic€C2/m phase of NaNi@is
observed, with substitution of tifor Na* ions. In this phase,
the Na, Ni, and O atoms occupy thd @ 1/2 1/2,2a (00
0), and 4 (x=0.28 0z=0.8) positions. In a small concen-
tration range aboux~0.8, a new rhombohedral phagel
phase is obtained, which has the same structural arrange-
ment as LiNiQ, but quite different cell parameters: théa
ratio is =5.24 instead 0f=4.94 for LiNiO,. The exact cat-
ionic composition of this phase found both by Rietveld re-
finement of the x-ray data and atomic absorption is
Lio.301)N&g 7q1)- No structural phase transition could be de-
tected by NPD for(Lig iNay -)NiO, down to 1.5 K. There-
fore, this phase remains rhombohedral in this temperature
range and does not undergo a cooperative JT ordering. In this
respect, it behaves like LiNi©and not like NaNiQ.

To better understand the magnetism of these compounds,
it is interesting to compare the structural arrangements of the
NiO, octahedral layergéTable l). The R3n LiNiO, structure

can be described by starting from the fcc NiO structure and
replacing every other Ni plane perpendicular to one of the

FIG. 1. X-ray diffractograms as a function of the nominal com- threefold axes by a Li plane, forming Nj&dge-shared oc-

position Li;_,Na,NiO,.

tahedral layers separated by Idlanes. This is accompanied
by a trigonal distortion of the NigQoctahedra brought about

arbitrary Li/Na ratios. As shown in Fig. 1 and reported by py the difference of charge and size betweeh amnd NF*
Matsumureet al,'* the LiNiO,/NaNiO, phase diagram con- cations. These octahedra are compressed along #és as
tains three different single-phase solid solution regions, ishown in Fig. 2. The six Ni-O distances remain
between which, two-phase mixtures are observed. ¥or equal(=1.98 A), but the six O-O distances linking oxygen

=0.3, theR3m a-NaFeQ structure type of LiNiQ is found
(RII phase, where Li, Ni, and O atoms occupy th@ 80 0

anions from the plane above and below the Ni cation, called
d(0-0)., become shortef=2.72 A) than those in theab

TABLE |. Room-temperature crystallographic and low-temperature magnetic parameters for the three phases.

LiNiO , Lig.sNag NiO, NaNiO,
Space group R3m RBm C2/m
Cell param. a=2.872713) a=2.941Q1) a=5.32083)
c=14.1842) c=15.40821) b=2.844Q2)
c=5.58184)
£=110.491)
Na content 0.00®) 0.6984) 1.0
Positional Xx(0)=0.242488) Xx(0)=0.23242) x(0)=0.2822)
parameters 2(0)=0.7992)
Rup: Reragg 3.91,7.28 3.24,6.6 3.78,8.11
Ni-O (A) 6X1.977 6x1.977 4x1.93, 2X2.17
0-0 (A) 6X2.716 6X 2.644 4x3.02, 2X2.84
6X2.873 6x2.941 4x2.78, 2X2.60
O-Ni-O (°) 6x93.2 6X96.1 4X94.8, 2x95.1
6Xx86.8 6x83.9 4% 85.2, 2x84.9
Tew +26 K +40 K +36 K
Ty or Tsg 9K 25 K 20 K
Heo at 4 K 0.05T 18T
Hey 5T 7T
Heat >23T 19T 13T
He 95T 65T
Ha 0.2mT 250 mT
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FIG. 3. Inverse of the susceptibility vs temperature, showing the

FIG. 2. Trigonal distorted Nig@octahedra in LiNiQ with O-O Curie-Weiss behavior.

distances.

plane,d(0-0),, (=2.87 A). At the same time, the O-Ni-O

. magnetic moment.
angles betwgaen OXygen anions from thg same plane above of The three compounds show a maximum in the suscepti-
below the Ni cation opens to 93.2°, while the ones betwee

. .rE)iIity at low temperature: 20 K for NaNig 25 K for
oxygen anions from the two planes close down to 86.8°. Thi i Nap NiO,, and 9 K for LiNiO,. In fact, LiNiO, is never

distortion can be characterized by the ratip=d(O S - : T :
. o stoichiometric: the exact formula being;LiNi;,.O, wih ex-
~0)¢/d(O-O)qp, and is 0.945 for LiNIQ. Although the struc- tra Ni ions in the Li plane. This gives rise to frustrated mag-

tural arrangement is the same fofo Nag NiOy, the inter-  netic interactions between the Ni planes and prevents any
atomic distances and angles are markedly modified becaug§,g range magnetic order, yielding instead spin glass
of the steric effect due to the large size difference betweeRganavior® In NaNiO, and Li,sNa, NiO,, which are sto-
Na" and Li" cations(ionic radius=1.02 and 0.76)ADU€ 10 jchiometric(no Niions are present in the Na/Li plangthe
charge balance, the six Ni-O distances are aimost unchanggd|q gependence of the magnetization at 4 K indicates long-
(1.98 A), but the two O-O distances and angles definedange magnetic order for both compositidifégs. 4a) and
above become=2.94 A, 2.64 A, 96.1°, and 83.9°, respec- 4. NaNiO, is considered as an A-type antiferromagnet
tively. y=0.899, indicates a much stronger trigonal distortionyith FM Ni layers coupled AF belowly=20 K24 How-
than for LiNiO,. _ _ ever, our NPD measurements failed to detect such a simple
Very similar Ni-O and O-O distances and O-Ni-O angles magnetic structure, in spite of the adequate sensitivity of the
can be calculated in the isostructural high-temperature fornp1p spectrometer. A careful analysis of the magnetization
of NaNiO, from the NPD data of Chappet al* (at 565 K:  ata reveals, indeed, a more complex ordering: when taking
Ni-O: 6x1.98 A; 0-O: 6x2.96 A, 6x2.63 A, y=0.899; its derivative as a function of the applied magnetic figi).
O-Ni-O: 6X96.8°, 6xX83.29. At room temperature, in the 4(b)], clearly, three characteristic fields are presefgp,
monoclinic phase, the NiQoctahedra become JT distorted: Hcy, andHe, instead of two expected for an A-type antifer-
four Ni-O distances become shortdr93 A) and two longer romagnet(He andHg,).1” The same behavior is observed in
(217 A). The average O-O distances becordé0-O)  Li, Na, NiO,, with Heo, He, lowered andH., enhanced
=2.720.1) A and d(0-0),, =2.960.1) A, and the average (Table |). Similarly, no magnetic diffraction peak was de-
O-Ni-O angles=95° and=85°. The same ratio can still be tected by NPD. We can thus conclude that both NaNa@d
used to evaluate the trigonal distortiop=0.919. By com-  Li, ;Na, NiO, undergo the same long-range magnetic tran-
paring these values with those (fio sNa, 7)NiO,, one can sition, this is the relevant point for our discussion concerning
conclude that in monoclinic NaNi© the JT distortion is the decoupling of the orbital and spin degrees of freedom in
superimposed on the trigonal one without markedly changinghese systems.
the amplitude of the latter. In a first approach, this common magnetic structure can
Having in mind that NaNi@ undergoes a collective JT still be described as an AF stacking of FM planes, as previ-
transition, while LiNiG, as well as L s;Nay NiO, do not, we  ously proposed:* Only H,,, andH, are then relevant and
perform now a comparative study of their magnetic properwe can estimatél,=~2Hg and Hco=Hgs= V2HgH,, where
ties. The positive Curie-Weiss temperatgf€€W) for all of ~ Hg is the AF exchange fieltbetween the Ni layeysandH,
them (Fig. 3 and Table )l reflects the predominance of FM the anisotropy field that aligns the magnetic moments in a
interactions. The effective moment in all the high- given direction'’ Table | yields all these measured and cal-
temperature orbitally disordered phases is nearly theulated quantities. Note the significant decreasH pfwhile
same(=2.1 ug), while it is smaller in the orbitally ordered NaNiO, is an easy plane antiferromagnet, iNag NiO, is
phase of NaNi@ (1.85 ug). Deviation from the free electron more isotropic. This can be well explained by the presence or
value (1.75 ug) is enhanced in the orbital ordered phase re-absence of orbital order in these compounds: the magneto-

flecting the importance of the orbital contribution to thé"Ni
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crystalline anisotropy arises from spin-orbit coupling;
NaNiO, orbital order insures the presence of preferred orl
whereas

entations for the magnetic

moment,
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tions increase slightly from NaNiOto LiggNay NiO,. Jap
arises from super-superexchange Ni-O-O-Ni bonds across
the Ni planes, andl from ~90° Ni-O-Ni in-plane bonds
explained before.

To summarize, while LgsNagNiO, and NaNiGQ have
very different orbital ground states, they present a similar
magnetic ground state with similar exchange energies. The
orbital contribution can only be seen in the value of the
magnetic moment and the anisotropy field associated with
Ni%* ions. Although we cannot conclude about the orbital
occupation in the Li-containing compounds, Nabli©an
most probably be the spin model for the magnetic ground
state of pure LiNiQ.1® The exact magnetic structure of
NaNiO,, most likely a modulated one derived from the
A-type antiferromagnet, remains to be determined, but this is
out of the scope of this paper. In the calculation of Deré
al.,*? a large enough trigonal distortion can generate AFM
interactions in the Ni planes in addition to the FM interac-
tions. This parameter has been quantified in our structural
analysis: LiNiGQ, has the lowest trigonal distortiory
=0.945 compared to LjsNay NiO, (0.899 and to NaNiQ
(0.89 for the high-temperature orthorhombic phase, 0.92 for
the monoclinic phageThis mechanism should thus lead to a
stronger AF contribution in NaNi©and Liy 3N&g ;NiO, than
in LiINiO,, while the opposite occurs according to the mea-
sured Curie-Weiss temperatur@able ).

In conclusion, this crystallographic and magnetic study
shows that the intermediate compound, Na, -NiO, has
the same magnetic behavior as Nabli@hile its orbital be-
havior is different: like LiNiG, it does not undergo a collec-

N tive Jahn-Teller transition. Thus these experimental results

establlsh that the orbital and spin degrees of freedom are
Nessentially decoupled in these systems.

Lig aNay NiO, the disordered orbital occupancy gives rise to

isotropic probability for the spins orientation. Frodg we
deduce the AF interaction,g —1.3 K for NaNiO, and
-1.9 K for Liy3Nay,NiO,. Using, in addition, the Curie-
Weiss temperature, we calculate the FM interactin
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