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Orientational ordering of C g in the antiferromagnetic (NH3)K3Cgo phase
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The absence of superconductivity in the ammoniated alkali fulleride ;fK§Cqo, and the transition to an
antiferromagneti¢AF) Mott insulating ground state have been associated with the combined effects of crystal
symmetry lowering and increased interfullerene separation. We find that the low-temperature orientational
ordering motif of the Gy units in the perdeuterated analog, (NB;Cgq, correlates well with the three-
dimensional AF structure proposed by NMR, which arises through alternate stacking of two-dimensional sheets
of Cgp, Which order ferrorotationallyantiferromagneticallyalong the(110) and antiferrorotationallyferro-
magnetically along the(110) directions.
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Attempts to.drive fche superconducting transition temperagNH;) K ;Cq, arises through the alternate stacking alongcthe
ture T, of alkali fulleridesA;Cqo (A=alkali meta) to higher  axis of 2D AF sheets of & units which order antiferromag-

values have focused on synthesizing materials with increasqgetica"y along(110) and ferromagnetically ann@lTO)F It
interfullerene separation. However, this has led to electron,q gyggested that this correlates with the antiferroelectric
localization and a transition to an antiferromagne#d) AFE) ordering of the K —NH; units in the low-
Mott insulating state. The suppression of superconductivit)femperature (below 150 K orthorhombic structure of
and the metal-insulator transition are thus associated Wit?NHs)K?,Ceo % which is accompanied by ordering of the,
effects of magnetic origin, providing an important analogy yiecylar orbitals of . However, as the & units were
with the phenomenology in organic and higih-supercon-  assmed to adopt the same orientation in the unit cell, we

ductors. , _ , _ have attempted to obtain a better understanding of the crystal

In particular, mtroductlon of one ammonia molecule in g\ ture of (NH)K4Cqp and its implications for the AF or-
the octahedral site of the fcc structure o to form e by yndertaking a high-resolution powder neutron diffrac-
(NH3)K3C60 led to an anisotropic expansion of the fulleride g study on its perdeuterated analog, (YRsCeo. In this
array, induced a symmetry reduction, and suppressed SUp&fay, we have been successful in determining precisely the
conductivity at ambient pressuté.Muon spin relaxation c, geometry and orientation together with the location of
(1" SR) studies provided unambiguous evidence that Akhe ammonia molecules in the pseudo-octahedral holes and
long-range order develops beldly~37 K.2 The tempera- their coordination environment. We find that the,@nits
ture evolution of the internal magnetic field beldly; fol-  adopt two distinct orientations related by a 90° rotation
lowed closely the behavior of a conventional three-about thec orthorhombic axis and are antiferrorotatively or-
dimensional (3D) Heisenberg AF with «(0) dered along th@ andb axes.
~0.7 wg/molecule. These results were subsequently con- (ND3)K;Cgg was prepared by exposing single-phase
firmed by electron spin resonancéESR and NMR  K3Cgo to 0.5 atm of NI gas at room temperature for 1 h.
studies*® The proximity of (NH)KCgo to a metal-insulator ~ After the reaction, the glass tube was sealed under a 0.5 atm
transition can be ascribed to the combined effects of inpartial pressure of NP and the sample was annealed at
creased interfullerene separation and crystal symmetry lowt00°C for 2—3 months. Phase purity was confirmed by pow-
ering. The former leads to a reduced bandwidthand an der x-ray diffraction measurements. However, when the
increased /W) ratio, while the latter lifts the threefold powder neutron diffraction measurements were performed, a
degeneracy of thi, orbitals and decreases the critical value small amount of unreacted 4Cqq Was evident, presumably
(U/W). (Ref. 6 for the transition to an AF Mott insulating arising during extended storage. The neutron diffraction ex-
state. Interestingly, recovery of superconductivity with ~ periments were undertaken with the high-resolution diffrac-
=28 K was reported in (Ng)K3Cqo at pressures-1GPa’  tometer D2b =1.5944 A) at the Institut Laue Langevin,

A prominent feature of fullerene-based materials is theGrenoble, France. The sample, 0.91 g, was loaded in a cy-
sensitivity of their electronic and magnetic properties to ori-lindrical vanadium can (diametel5 mm) sealed with in-
entational order and disorder of the Qinits, which gives dium wire and then placed in a standard ILL “orange”
rise to different relative orientations of the molecular orbitalsliquid-helium cryostat. The instrument was operated in its
and different overlap of neighboring electronic wave func-high-resolution mode (10horizontal primary divergence, 1
tions. The relationship between the orientational, orbital, angm horizontal monochromator apertur@nd the data were
spin degrees of freedom has been theoretically explored fazollected in the angular rangef20°—164.5° in steps of
the (TDAE)Cq, ferromagnef The 3D AF structure of 0.05°. Full diffraction profiles were measured with counting
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times of 10 h at 10 and 100 K. The raw data were mergedaligned parallel t@a. The pseudotetrahedral potassium atoms
while applying angular and efficiencfvanadium detector are placed in the & 8b, 16e, 16f, and 1@ positions, de-
calibrations, using standard ILL programs. The data analysigived from the high-symmetry tetrahedral sites of thgC,
was performed with thessas softwarel® Complementary  structure, while according to the high-temperature model, the
data were also collected in the temperature range 5-300 Kif-centered octahedral K is placed on the 32 position
with the medium-resolution high-intensity dlﬁractometer(%+5xléy’0)' where ¢,0,0) is the center of the pseudo-

D20 (\=2.418 A, angular range5°-150°, step size _ . .
=0.1°) in an attempt to search for the presence of magneti8Ctahedral site and&k~0.034y~0.03,0) is the displace-

order. ment vector. In the x-ray structural model, the Niolecule

Inspection of the high-resolution neutron powder diffrac-Was approximated by a Ne atom, located in thén -
tion profile of (ND;)K3Csoin the 260 range 9°—115° at 10 K centered position, dx~—0.03py~—0.03,0), displaced
(Fig. 1) shows that almost all Bragg reflections index with from the center of the hole in the opposite direction from
the orthorhombic space groupddd. However, refinement Potassium. In our model, the ammonia molecule is intro-
of the profile using the LeBail pattern decomposition tech-duced explicitly with the N atom in the original x-ray 132
nigue could not account for some reflections, especially irposition and the D atoms placed in positions derived from
the 20 range 9-40°. The presence of a mingydg, impu-  the standard geometry of the Nifholecule. The structure of
rity was confirmed by a two-phase LeBail profile analysis.the KsCgq minor phase is modeled as cubispace group
Accordingly, the neutron powder diffraction profile was re- Fm?m) n

fined by the Rietveld method using a two-phase model of Qur first concern was to determine the exact orientation
orthorhombic (N3)K3Cgo and cubic KCqy. No evidence and geometry of NBin the octahedral void together with its
for additional Bragg peaks signaling magnetic order wasoordination environment to thegGunits. For this reason,
present either in these data or in the low-temperature diffracye performed a series of Rietveld refinements keeping fixed
tion profiles collected with the high-intensity D20 diffracto- the geometry of & and the positions of the K and N atoms,
meter. and allowing only the D atoms to rotate in steps of 5° be-
Our starting structural model for the (NJX3Cg phase  tween 0° and 120° around the yBnolecular threefold axis,
was based on the orthorhombic structure proposed by Ishiihich is aligned with thg110) directions'? The N-K dis-
et al. (space groug=ddd).® The lattice parameters are ob- tance was kept fixed to the x-ray value of 2.57 A, and the
tained by doubling the size of the unit cell of the high- three N-D distances were equal and fixed to 1.00 A, while
temperature  structure ag 14-971'&:1 b=14.895 A, ¢ 4| D-N-D angles were equal to 107°. The series of Rietveld
=13.687 A; space groupFmmm)." Sixty symmetry- refinements was performed in thé 2ange 9—60°, while the
inequivalent carbon atoms are needed to generate the tWattice constants were kept fixed. The variation of the agree-
Ceo molecules in the unit cell. These are located at(h8,0 ~ ment factory? of the refinements as a function of the rota-
and (3,3,3) positions and are oriented in such a way that thetion angle ¢ showed a well-defined minimum for a clock-
three orthogonal twofold axes are aligned with the unit cellwise rotation of 35° from the starting orientation. After
vectors and a 6:6 C-C bond of the molecule at the origimarriving at this optimum orientation, we checked the ;ND
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geometry by varying the D-N-D angle in steps of 1° between TABLE I. Final results of the Rietveld refinement of the powder
103° and 112°. By following again the evolution gf as a  neutron diffraction profile of (NB)K3Cs at 10 K (space group
function of the D-N-D angle, a minimum was found at 109° Fddd, x?=1.62, Re,,=6.8%). The cell constants ar@
(x2=3.55). :gg.gzqg)A, b=29.7879)A, and c527.1sq4)A and the
Despite optimization of the orientation and geometry ofWweight fraction of the (NB)KsCe phase is 81.62)%. Theweight
the ND; molecule, the results of the Rietveld refinements infraction of the minority phase {Cqo [space groupFm3m, a
the whole 2 range were still unsatisfactory, especially at =14-2044)A] is 18.22)%.
high 26, as the intensities of numerous reflections were not 5
well reproduced. In general, the higho 2egion of the neu- A xid y/b Zc Biso/A
tron diffraction profiles of fulleride salts is strongly influ-

enced by the orientational state of thg,@nits, suggesting ¢, (1) 0 0 0 3.22)
that the x-ray structural model of (NJJK;Cgq may be inad- Ceolll) L L L 3.22)
equate in describing correctly thes{orientations. For this K(1) 1 1 1 1.92)
reason, a further series of refinements was performed, WhiIE(Z) H 1 s 1.92)
allowing the Gy molecules to be distributed over two differ- K(3) g i i 1'9(2)
ent orientations related by a 90° rotation about {081) 8 8 8 '
direction. For this model, the two-phase refinement improvegm) 8 8 g 1.92)
significantly (y2=1.97) with the refined values of the frac- K® 8 8 8 1.92)
tional occupancies of the C atoms in the two different orienK(6) 0.285 0.032 0 5@
tations showing that only 18% of theggCmolecules at N() 0.22226) ~ 0.97766)  -0.00025)  5.6(2)
(0,0,0 and (,1,1) are oriented as in the original x-ray re- 2V 0.2142)  0.9632) 0.0332) 5.32)
sult (orientation |, 6:6 C-C bond parallel to theaxis), while D(2) 0.1952) 0.9962) -0.009%) 5.32)
D(3) 0.2252) 0.9532) -0.0252) 5.32)

82% adopt orientation 1(6:6 C-C bond parallel to tha
axis). As the changed orientational state of the fulleride units

affects the coordination environment of the NBolecule in . . .
N tructural models used to describe the orientational state of

the octahedral voids, its optimal geometry and orientatio he fullerid e th VOl tif ati d
were reexamined following the same procedure as befor ne fufleride units, the one involving antiterrorotative order-

However, the resulting coordination environment of ;D ing of the Go units at(0,0,0 and ;,0,0) (Fig. 2 is the most
was now not convincing, as short D-C contacts of 1.89Asatisfactory. First, the coordination environment of the;ND
were present. molecule is physically plausible due to the absence of any
For this reason, we allowed the two orientations of theshort D-C contacts and, second, the diffraction profile is
disordered symmetry-inequivalenggmolecules located at much better accounted for in the entiré 2ange and espe-

(0,0,0 and (,%,3) to vary independently within theddd
space group. The refinement proceeded smoothly, leading t
improved agreement factors with the molecules(&0,0

adopting exclusively orientation |, while those &,$,3)
adopting exclusively orientation I)¢=1.90), implying an-
tiferrorotative order of the g units along the three unit cell
axes. Although the improvement in the agreement factor was
not very large, this was achieved with a smaller number of C
positional parameters. In addition, the diffraction profile in
the high-2 region between 60° and 115° was better ac-
counted for. Further optimization of the geometry and orien-
tation of the ammonia molecule led to a value for the N-K
distance of 2.48%)A, the N-D distance of 1.004)A, and
the D-N-D angle of 108.02)°. The coordination environ-
ment of the N@@ molecule was checked and no short con-
tacts with C atoms were present. A final Rietveld refinement
using the optimized orientation and geometry of the ammo-
nia molecule in the pseudo-octahedral void was then per-
formed and the results are shown in Fig. 1 and Table I. The
final values of the lattice constants aae=29.9299)A, b y
=29.787(9) A, and c=27.136(4) A (*=1.62, Rexp Lx
=6.8%). The N-K pair is inclined to thé110) direction at
an angle of 3.9°, while all D-C distances assume values FIG. 2. Projection of the face-centered orthorhombic structure
greater than 2.4 A and all K-C contacts are longer tharpf (ND3)K3Cs 0n the[110] basal plane. The ferrorotativantifer-
3.0 A. rorotative order of G along the base diagonal10) ((110)) is
By analyzing the results of the refienements of the threshown.
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cially at high angles which is crucial in defining the orienta- 20
tional state of the g units. Finally it is of interest to note
that the geometry that the NDnolecule adopts when coor-
dinated to K in the octahedral site and surrounded by six |
Cgo Units is quite similar to that in the gas phase. The D-N-D [ @ @
angle has increased somewhat to 108°. This is expected, as !
the bonding interaction between N and Khould result in
an opening of the D-N-D angle.
A neutron diffraction profile of (NRQ)K;Cgowas also col-
lected at 100 K. No evidence of any phase change was :
present and two-phase Rietveld refinement of the data
proceeded smoothly, leading to orthorhombic lattice R L L
constants a=29.923(18) A, b=29.831(17) A, andc
=27.180(4) A (*=1.65, Reyy=7.2%).
The neutron powder diffraction measurements employed
in this work to derive the low-temperature crystal structure a
of (ND3)K3Cgo have revealed a superstructure arising froma  FIG. 3. Schematic diagram of orientational and magnetic order
unique orientational ordering motif of theggCunits within  in the basal plane of the (NJPK;Cqo Structure. Shadedopen
the unit cell (Fig. 2). In general, the crystal structures of circles denote orientation(ll) of Cqy. The moment directions have
fulleride salts can be classified into those comprising orienyet to be determined and have been arbitrarily placed parallel to the
tationally disordered and orientationally ordereg, @nits. b axis.
The former include systems with merohedf#;Cqy(Ref.
11)], orientational[Na,CsGs, (Ref. 13], or quasispherical face each other when viewed along the center-to-center di-
[Li,CsGy (Ref. 14] disorder of the fulleride ions. The latter rection but the existence of a center of inversion algip]
are typified by the bce-baseds&s0 salf® in which all units leads to pentagonal face_s directed over hexagons and vice
adopt the same orientation and4Bg, in which the molecule versa. In contrast, alorid 10] pentagonalhexagonalfaces
at the center of the unit cell is rotated by 90° with respect toof near neighbors align over pentagdhgxagons The ob-
that at the origint® An ordered superstructure of;Kq, in ~ served ordering pattern is reminiscent of that proposed theo-
which the G, orientation alternates from o{601) plane to  retically to account for the development of ferromagnetism
the next (space groupP4,/mnn) has been discussed in (TDAE)Cqg.?
theoretically’ but has not been observed experimentally. In conclusion, we have identified in (NFK3;Cgo a unique
The observed orientational ordering pattern inordering pattern of the & units in the unit cell and shown
(ND3)K3Cq is that of 2D sheets of £ which order ferroro-  that the Gq orientational degrees of freedom play an active
tationally (orientation ) along the(110) and antiferrorota- role in the electronic and magnetic response of {NQCqp.
tionally (orientations | and lalong the(110) directions and The orientational ordering motif gives rise to distinct orbital
which stack alternately along theaxis. There is a remark- ordering which modulates the intermolecular exchange inter-
able correlation of this superstructure with the 3D AF struc-actions. The experimental observation that the orientational
ture derived from NMR experiments and the proposed mo@rdering temperature is higher thar, suggests that the
lecular orbital schenfe(Fig. 3. In the latter, the g units ~ former is the driving force.
aI@g [110] order antiferromagnetically, while those along We thank NEDO FCT, the Royal Societ§uK/Japan
[110] ferromagnetically. This implies that the nature of the CRP), JSPS(RFTF 96P0010% and MonbushdGrant No.
intermolecular magnet_ic ethang_e interactions _sensitiveln116521@ for financial support, the ILL for provision of
depends on the relative orientation of near-neighb@s C neutron beamtime, E. Suard for help with the experiments,
units. Figure 1(inseb shows the nearest contacts betweengng K. Ishii for useful discussions. K.P. thanks Monbusho for
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