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Structural phase transition in the ammoniated alkali Cg, compound (NH3)K3Cqg
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X-ray diffraction measurements of (NHK;Cgq have revealed a structural phase transitioif @t 150 K,
which is attributed to the orientational order-disorder transition of the k-RN&lr at the octahedral site of the
Cgp lattice. The low-temperature phase has a face-centered-orthorhombic structure derived by doubling the unit
lattice vectors of the high-temperature phase along three axes. The superlattice intensity increases continuously
below T4, which means that the transition is second order. At 108 TK<T, a negative thermal expansion
is observed along tha andb axes. This is closely related to the contraction of K-N interatomic distance. We
also discuss the relation between the superconductivity and the local symmetry, of e crystal.
[S0163-182699)01306-3

I. INTRODUCTION from cubic symmetry or the orientational disorder of the
K-NH; pair might be responsible for the disappearance of
Fullerenes are known to make compounds with variousuperconductivity.

atoms and molecules, and especially alkali fullerides are in- In the present work we have studied the crystal structure

tensively studietibecause of the variation of the compounds©of (NH3)K3Cq at low temperatures, and have observed a

and superconductivity Some of them make ternary com- Phase transition at 150 K, which is attributed to the orienta-

pounds with ammonia moleculés’ The most remarkable tional order-disorder transition of the K-NHpair. We will

effect of ammoniation is the significant expansion of the lat-discuss briefly the relationship between the superconductiv-

tice constant without changing the valence gf € In these 1ty and the local symmetry of & in ammoniated alkali ful-

years many ammonia alkali fullerides have been investigatelf1ides:
in order to obtain a higher superconducting transition tem-
perature T.). This is becausd . in Az;Cgi(A is an alkali

atom is known to increase crucially with the cubic lattice ~ The polycrystalline powder of (N§JK;Cgo Was prepared
constant &,) or the intermolecular distance ofs£871 In by ammoniation of KCgy. The pristine powder sample of
the case of (NK),Na,CsGy Zhou et al® demonstrated that K,Cg, was synthesized by the direct reaction of potassium
the cubic lattice constant increases from 14.132 A to 14.47%apor and G, powder and annealed at 400°C for a month.
A on ammoniation, and@; increases from 10.5 K to 29.6 K. After that, K;Cg, Was exposed in dry ammonia of 0.5 atm at
However, in the case of (N})K;Cgg the superconductivity room temperature for 20 min. The ammoniated sample was
of the pristine KCg, disappears by ammoniatibhand be- annealed at 100°C for a month in a glass ampoule with 0.5
comes a magnetic insulator below 402 The room- atm NH,. The sample was sealed in a thin glass capillary for
temperature crystal structure of the compound has been den x-ray diffraction experiment. We used two samples;
termined by Rosseinskgt al* as an orthorhombic structure sample A was used for the diffraction intensity measurement
slightly distorted from fcc. They pointed out that in the oc- and the structural analysis, and sample B for the temperature
tahedral site of the & lattice K and NH are oppositely dependence measurement of the lattice constant. In the x-ray
displaced from the site center in t&10) direction, and the diffraction study sample B was found to contain a trace of
pair of K and NH; orient randomly to one of thé110 K3Csp, SO that the mean composition of NHnight be
directions. We can speculate that the structural distortioslightly smaller than 1.

Il. EXPERIMENTAL PROCEDURES
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peak at ¥=7.1° is indexed to$33) and (333), while that

at 6.0° corresponds td10. The appearance of these super-
lattice and forbidden peaks indicates that the unit lattice vec-
tors of the low-temperature phase should have a double size
of the fundamental ones.

L 1] The observed peak indices can be presented by the con-
L ditions h+k,k+1,I + h=integer (here, hkl is the index in

2§(degree) | the fundamental unit cell and the reflectiong100) and
(010 (26=4.2°, if it existy and (001) (26=4.6°) are not
L . observed under the experimental condition. From these con-
ditions we can uniquely identify this phase as the space
R L i A group Fddd As the origin of the structural phase transition
we can consider some possibilities, such as tggd@ner or
. . . . . . . . polymer formation, the orientational ordering ofgOmol-
ecules, or the positional ordering of K-Nhbairs at the oc-
tahedral site. The possibility of dimerization or polymerza-
tion is very low because the intermolecular distance of
Cs0;10.1 A in the present case is much larger than those of
the Gy, dimer or polymer, namely, 9.34 A in the case of
KCgo dimer® and 9.11 A in KG, polymer!* The orienta-
tional ordering of Gy cannot explain the observed strong
intensity of superlattice reflections especially in the low-
angle region. Therefore we proceed the structural analysis on
basis of the positional ordering of K-NHpairs.
L 1 In order to satisfy the space grotjuldd we should put
the off-centered potassium atom on theh32osition (1/4
R S A e + 64,6,,0), where (1/4,0,0) is the center of the octahedral
. . . . . site and ¢, 9,,0) is a displacement vector. The Nkhol-
3 10 15 20 25 30 35 40 45 ecule is placed at an off-centered position in the opposite
20(degree) direction to potassium. Based on this model we carried out
the Rietveld refinement with use of tRe&ETAN progrant® on
FIG. 1. Powder x-ray diffraction spectra of (NFHK3Cqoat 300 some assumptions. Namelyg{3nolecules are considered to
K (upper pangland 15 K(lower pane). The insets are magnifica- glign in the specific direction according to the structural
tion of the low-angle region. The cross marks represent Observegnalysis of the room-temperature phéstdaat is, three or-
intensity, and solid lines are the result of Rietveld refinements in thefhogonal twofold axes of the gmolecule are put parallel to
space grourmmmfor 300 K andFdddfor 15 K, respectively. The the unit lattice vectors. The bond length of,ds fixed to

arrows in the lower inset indicate the superlattice reflections 0b1.40 A for the bond between two hexagons and 1.45 A for
served belowT. that between hexagon and pentagon. The; Mtblecule is
. ) ] _approximated by a nitrogen atom and three hydrogen atoms

X-ray diffraction measurements were carried out by usingat the same position; this approximation was taken because
synchrotron radiation x rays at Photon Factory (BL@&Dd  of the low scattering power of hydrogen atoms, so that we
BL18C), KEK, Tsukuba. The incident x ray was monochro- cannot determine the orientation of the ammonia molecule
matized at wavelength 1.100 A with a Si double crystal andyround its threefold axis. The occupancy of all atoms are
collimated to 0.2—0.5 mm in diameter. An imaging plate wasfixed to unity.
used for detection of the diffraction rings, which was con-  after the refinement we obtain the best-fit spectra for 300
verted in the conventional spectrum by integrating the intenk and 15 K data as shown in Figs(al and 1b), respec-
sity along the Debye ring. tively. The calculation for 300 K on the space groemmm
reproduces well the experimental spectrum; the weighted
patternR factor (R,,) is 2.18%. For the low-temperature
phase we also obtain a good fit wiRy,,=2.63%. The lat-

Figures 1a) and 1b) show the diffraction spectra of tice constants at 15 K are obtained ag=29.792
(NH3)K3Ceo at 300 K and 15 K, respectively. For the 300 K £0.010 A, b,=29.873-0.010 A,  and ¢,=27.112
spectrum we can assign all the peaks to the face-centered-0-004 A and the molecular and atomic positions are given
orthorhombic cell with the lattice constants a§=14.917 in Table I. As shown in Figs.(2) and 2b), the crystal struc-
+0.010 A, b,=14.971-0.010 A, and c,=13.692 fure of the ordered phase is characterized by the alignment of
+0.004 A . The present values are consistent with the resufh® K-NH; pair; the K-NH pair on theab plane =0, for
of Rosseinskyet al* However, at 15 K we have observed a €xampl¢ aligns in the[110] direction with the same polar-
number of extra peaks as shown in Figb)l These extra ization, and the direction of the pair is antiparallel at the next
peaks correspond to the index of half an integer or the forchain on the samab plane. The pairs on the uppab plane
bidden reflections in the face-centered lattice; for example, §z=1/4) direct to[ 110] or [110], perpendicular to those on

311,131
222,113
T

313,133,402,042
« 422,242
- 224,511,151

004,331

333

Intensity(arb. units)

6 8§ 10 12 4]
26(degree)

lll. EXPERIMENTAL RESULTS
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TABLE I. The best-fit result of Rietveld refinement of the low-
temperature phagd5 K) of (NH3)K;Cg in the space groupddd
(origin choice 2. There are 60 crystallographically inequivalent
carbon atoms, but only the center of thg, @olecule is represented
for simplicity. The lattice constants areay=29.791
+0.010 A, by=29.873-0.010 A, and Co=27.112
£0.004 A. R factors for fit are R,,=2.63% and R
=2.45%. B is the isotropic thermal parameter in the Debye-
Waller factor, exp—B(sind/\)?].

(@)

Site X y z BA?)
Ceo 16c 0 0 0 3.93)
Coo 16d 05 0.5 0.5 3.8)
K* 8a 0.125 0.125 0.125 3(3)
K* 8b 0.125 0.125 0.625 3(3)
K* 16e 0.375 0.125 0.125 3(3)
K* 16f 0.125 0.375 0.125 33
K* 169 0.125 0.125 0.375 3(3)
K* 32h 0.2855) 0.0324) 0 7.26)
NH;  32h 02209 —0.025(9) O 7.%6)

=3/4
the considered planez€0). Namely, the direction of the ‘

K-NH; pair is obtained by stacking theb plane along the
axis with the glide vectors of 1/2{(a*c) and 1/2¢b=*c),
where a,b,c are the unit lattice vectors in the fundamental
cell. This configuration is very similar to an antiferroelectric
order.

Figure 3a) shows the temperature dependence of inten
sity of the (110 reflection that is forbidden for the high-
temperature phase. The reflection appears beldyw ¢
=150 K, the structural transition temperature. The intensity
changes continuously beloili; and no appreciable thermal b
hysteresis was observed. These facts indicate that the pha a
transition is the second order. The temperature dependences
of the lattice constants in Samp|e B are shown in F|gb) 3 FIG. 2. (a) The z=0 section of the low-temperature phase of
and 3c). The difference betweea, andb, is too small to  (NH3)KsCso. Black and white balls represent K and hiHespec-
distinguish, so that the average value is given in the figureively- The crystal consists of the stack of the layers aloraxis
The lattice constanf, (and by) of sample B is a little yvlth the diamond glide. Antlferrc_JeIectrlc orderl_ng of K-NHbairs
smaller than the result of the Rietveld analysis for sample AlS clearly seen(b) Schematic view of the unit cell. The black
the difference may come from a small deficiency of NH Sph.eres represent the. center g mo'?cmes' The. arrows represent
sample B. A most remarkable feature is an anomalous te antiferroelectrically aligned K-Nkipairs. Potassium atoms in the
perature dependence in the lattice constagt that is, a etrahedral site are not shown for simplicity.

negative expansion between 100 K and 150 K, whereas we . . )
observe no anomaly ig,. This temperature region just cor- (110 reflection. Moreover, the spectrum at 75 K is satisfac-

responds to that of the evolution of the superlattice reflec{Orily €xplained by the same structural model as 15 K except
tions, which suggests that the negative expansion is closef’ the thermal expansion of the lattice.
related to the orientational ordering of the K-BlHair in the
ab plane. In this connection we estimated the K-N#is-
tance at some temperatures by the Rietveld refinement, as
shown in Fig. 8d). The distance below 75 Kwhere the In the present study we have revealed that the structural
superlattice reflection is saturated enouglis 2.57 phase transition in (NEK;Cg, oOriginates from the orienta-
+0.03 A, but at 155 K(aboveT,) it decreases to 2.47 tional order-disorder transition of the K-NHpair at the oc-
+0.05 A, namely, a contraction of 0.1 A . The contractiontahedral site. At the low-temperature phase the pair orients to
of the lattice constant, which is estimated as about 0.03 A the (110 direction in a fashion of an antiferroelectric mate-
is plausibly attributed to the contraction of the K-Midis-  rial, while at the high-temperature phase it takes random ori-
tance. entations and changes the direction dynamically. The dy-
We have tried to detect any structural anomaly at 40 Knamical motion of ammonia molecules was also observed in
where the metal-insulator transition is reported in the suscepsther experiments. Recent neutron inelastic scattering study
tibility measurement$! However, we observed no appre- reveals a sharp peak in the low-energy phonon density of
ciable extra peaks within the noise level, about 1/3 of thestates below 150 K and it increases in intensity with decreas-

z=1/2

z=1/4

z=0

IV. DISCUSSION
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electric” order and “dipole” for the K-NH; pair, because K
and NH; rotate in a pair just like a dipole around the octa-
hedral center. The electric dipoles in a 2D array are energeti-
cally favorable for alignment parallel to each other in the
direction of the dipole moment and antiparallel in the direc-
tion perpendicular to the moment, and this structure is real-
ized in our case. When considering the 3D configuration,
however, the situation becomes a little complicated. We have
two configurations of dipoles, that is, one is the parallel type
where the nearest-neighb@N) pairs in the next planes are

Intensity of
superlattice reflection
(arb. units)

14.91 parallel or antiparallel to those pairs on the considered plane,
14.90 and the other is the perpendicular type where NN pairs are
14.89 perpendicular to those pairs considered. The Madelung en-
_ ergy calculation, where {5 is approximated as a point
< 1488 charge of—3e, gives a little smaller energgs8 K) for the
—56 14.87 parallel type. However, the perpendicular type is realized
-

14.86
14.85
14.84

actually in (NH;)K3Cgp; in the parallel type thé110) reflec-

tion should be forbidden, but it is observed in our case. This
inconsistency is not explained yet; we have to consider any
higher-order interactions.

1375 . As for the negative thermal expansion observed around
T, we do not have a clear explanation. A possible argument
is the steric effect between NFind Gy molecules. Namely,
13.651 - below T, ammonia molecules orient with nitrogen pointing

13.70 u

°§: to a potassium atom and hydrogen atoms facing dpnil-
S 13601 ] ecules, and those hydrogens may act as a steric hindrance
13.55 - through the hydrogen bonding ta;$dmolecules. Above,
© ammonia molecules begin to rotate, which leads to a smaller
13.sor | | | L9 effective radius of the molecule.
265F 7 | | T . = Next we discuss the relation between the crystal structure
and the superconducting properties in ammoniated fullerides.
o 260 T. of superconducting alkali fulleridesA;Cgp, is well
E { { known to have an increasing function against the lattice con-
£ 2551 | stantag; this behavior is understood in terms of the increase
z 550 i of the electron density of state of thg, conduction band. In
2 7 the case of ammoniated alkali fullerides the lattice constant
Z sask i increases from those of the pristine compounds, and a higher
M () T. can be expected according to the above relation. In this
240 b ! ! ! ! ! = sense (NH),Na,CsG, is a successful case, whefe actu-
0 50 100 150 200 250 300 ally increases. However, the (NJK;Cgqq is not the case,
Temperature(K) where the superconductivity disappears. This fact can be

possibly understood by the structural difference, especially
the local symmetry of the & molecule in relation with the
surrounding alkali cations and NHnolecules. In the case of
the (NH;)4Na,CsGp, four NH; molecules form a tetrahe-

FIG. 3. (a) The temperature dependence of intensity of(ttkD)
reflection, which is forbidden abovE;. (b) and (c) Temperature
dependence of the lattice constants. The difference betegand

by is so small that the averaged value is shown here. Open squarta?on whose center is occupied by an Na ion. Therefore. the
and filled circles are the data in cooling and heating runs, respe P y ) !

tively. The solid lines are the guides to eydd) The distances ﬁocal symmetry of the g is Ty, which is the same as the fcc

between K and NK estimated from Rietveld refinements. A3Ceo- This SYmmetfy keePS the triple_ d?genefacy oftthe
molecular orbital, the density of state is increased by ammo-

ing the temperatur¥. They suggested this peak is closely niation, andT, increases. On the other hand, in the case of
related to the libration of ammonia molecule. The appear{NH;)K3Cqy, the local symmetry of the 4 in the low-
ance of the librational mode indicates the freezing of ammotemperature phase &;, a lower symmetry than in the pris-
nia rotation. Moreover, Maniwa and Sugitf@bserved the tine KyCqo. The symmetry reduction tg; lifts completely
change in'H NMR spectra associated with the rotational the triple degeneracy of ths, molecular orbital and this
motion of the threefold axis of the ammonia molecule abovemay have a serious effect on superconductivity in this
100 K. compound-’

The ordered structure of the K-NHpair in the present
study (Fig. 2), is analogous to an antiferroelectric order. The V. CONCLUSION
two-dimensional2D) structure of pairs in thab plane can
be well understood by the electrostatic interaction between In x-ray diffraction measurements of (NHK3Cgo we
potassium ions. In this section we use the terms “antiferrohave found a structural phase transitiorTat 150 K. The
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low-temperature phase has the doubled unit lattice vectoré/e also discuss the disappearance of superconductivity in
along three axes with respect to the high-temperature phaseelation to the re-duction of the local symmetry of,@nol-

The transition is characterized by the antiferroelectric orderecule, which lifts the triple degeneracy of thg orbital.

ing of the K-NH; pair at the octahedral site ofgglattice,
whereas abov@ the pair orients randomly to one of four
equivalent directions. The superlattice intensity increases
continuously belowTg, which means that the transition is  The authors thank Otto Z. Zhou for valuable discussion.
second order. At 100 KT<T,, a negative thermal expan- This work was supported by “Research for the Future” of
sion is observed along tha and b axes. This is closely the Japan Society for the Promotion of Scierid8P$, Ja-
related to the observed K-N interatomic distance, whichpan. Three of the autho(&. Ishii, H. Shimoda, and H. Na-
shows a contraction arount, with increasing temperature. kao were supported by the JSPS.

ACKNOWLEDGMENTS

*Present address: Kawada Research Corporation, 122-3 Yagihashi, makawa, Y. Kubo, J.S. Tsai, and S. Kuroshima, Natiuen-
Tsukuba, Ibaraki 305-0842, Japan. don) 356, 419(1992.
1D.W. Murphy, M.J. Rosseinsky, R.M. Fleming, R. Tycko, A.P. 11y, lwasa, H. Shimoda, T.T.M. Palstra, Y. Maniwa, O. Zhou, and
Ramirez, R.C. Haddon, T. Siegrist, G. Dabbagh, J.C. Tully, and _ T. Mitani, Phys. Rev. B53, R8836(1996.
R.E. Walstedt, J. Phys. Chem. Solig 1321(1992. 12C M. Brown, K. Prassides, Y. lwasa, and H. ShimodaR&cent
2A.F. Hebard, M.J. Rosseinsky, R.C. Haddon, D.W. Murphy, S.H. Advances in the Chemistry and Physics of Fullerenes and Re-
Glarum, T.T.M. Palstra, A.P. Ramirez, and A.R. Kortan, Nature ~ ated Materials,edited by K. M. Kadish and R. S. RuofElec-

(London) 350, 600 (1991 " trochemical Society, Penningto_n, 199Yol. 4, p. 1224.

30. Zhou, R.M. Fleming, D.W. Murphy, M.J. Rosseinsky, A.P. Q. Zhu, D.E. Cox, and J.E. Fischer, Phys. Rev.5B 3966
Ramirez, R.B. van Dover, and R.C. Haddon, Nat(irendon 14P(\1/:‘/)958).te h | el ;
362, 433 (1993. W. phens, G. Bortel, G. Geigel, M. Tegze, Aarlzsy, S.

Pekker, G. Oszlanyi, and L. ForrtNature (London 370, 636
(1994.

15E. 1zumi, in The Rietveld Methqdedited by R.A. YoungOxford
University Press, Oxford, 1993Chap. 13; Y.l. Kim and F.

4M.J. Rosseinsky, D.W. Murphy, R.M. Fleming, and O. Zhou,
Nature(London 364, 425(1993.

50. Zhou, T.T.M. Palstra, Y. lwasa, R.M. Fleming, A.F. Hebard,
R.E. Sulewski, D.W. Murphy, and B.R. Zegarski, Phys. Rev. B Izumi, J. Ceram. Soc. Jpa02, 401 (1994).

6 52 4_83(1995' . ) 18y, Maniwa and D. Sugiurdprivate communication
H. Shimoda, Y. Iwasa, Y. Miyamoto, Y. Maniwa, and T. Mitani, 17cg.c, is known to become a superconductor under hydrostatic
, Phys. Rev. B54, R15 653(1996. pressurgRef. 18 and the crystal structure is body-centered te-
P.F. Henry, M.J. Rosseinsky, and C.J. Watt, J. Chem. Soc., tragonal in which the,, orbital lifts. However, the crystal has a

Chem. Commun1995 2131. disorder in the occupation of the Cs atom and it should be taken
®R.M. Fleming, A.P. Ramirez, M.J. Rosseinsky, D.W. Murphy, into account because the disorder of the alkali atom is consid-
R.C. Haddon, S.M. Zahurak, and A.V. Makhija, Natuten- ered to affect significantly to the superconductiviBef. 6. On
don) 352, 787(199)). the other hand, there is no disorder in (JK;Cg at low tem-
90. zZhou, G.B.M. Vaughan, Q. Zhu, J.E. Fischer, P.A. Heiney, N.  perature and this enables us to extract the effect of the local
Coustel, J.P. McCauley, Jr., and A.B. Smith, IIl, Scier&s, symmetry on the superconductivity in alkali fullerides.
833(1992. 18T T.M. Palstra, O. Zhou, Y. lwasa, P.E. Sulewski, R.M. Fleming,

10K, Tanigaki, I. Hirosawa, T.W. Ebbessen, J. Mizuki, Y. Shi-  and B.R. Zegarski, Solid State Comm@8, 327 (1995.



