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Abstract: The incommensurate modulated crystal structure of the new misfit-layer calcium cobalt oxide
(Cap.850H)2,C00, was investigated using a superspace-group formalism with synchrotron X-ray diffraction
data. The compound is a kind of composite crystal that consists of two interpenetrating subsystems, [CoO2].
layers containing triangular lattices formed by edge-sharing CoOg octahedra, separated from each other
by [2Ca0.s50H]. double-layered rock-salt-type slabs. Both the subsystems are monoclinic lattices with the
unit cell parameters, a, = 2.8180(4) A, b = 4.8938(6) A, ¢ = 8.810(1) A, ap = 95.75(3)°, and a(=|qg|=a:/
ap) = 0.57822(8), viz., a; = 4.8736 A, with Z = 2. A possible superspace group is C2/m(010)s0—C2,/
m(a~110) for the respective subsystems. The atomic positions deviate from the average positions of the
fundamental structure due to the incommensurable periodic interaction between the subsystems. A significant
structural modulation was found in the [2CaggsOH] subsystem, whereas the modulation in the [CoO,]
subsystem is less than in [2Cag gsOH], due to the tight bonding of the close-packed CoOgs octahedra. The
degree of modulation in the CoO; layers, i.e., the potential modulation, is almost the same as those of
other compounds of the misfit-layer cobalt oxides. Flattened CoOs octahedra indicate hole doping into the
Co0, layers. The [2Cagss0OH] blocks act as the charge reservoir layers, and the defect Ca ions are
presumably the source of the holes.

Introduction framework of the Co@ block. Motivated by this hypothesis

Layered cobalt oxides have generated much interest recentlyWe searched for a new member to the layered cobalt oxide

with solid-state physicists and chemists because these materialgam'ly' Recently, wo new cobalt calcium hydroxides were

are correlated electron materials exhibiting unusual electronic syntr?edsued rf]qrhthe first time usdlng thg ?so::d-state reaction
properties. The interest is focused, in particular, on the method at a high temperature and pres3ufelhese two new

unconventional superconductivity observed bel K in materials are (CaOH)4Co00;, which exhibits an orthorhombic

hydrated Naz{C0o0,+1.3H,0.! This superconductivity is of great lattice _st_ructur_e, and (GgeOH)1.16C00,, which e*“'b"s a
interest because of the unusual electron pairing, mediated duemonOCI'n'C lattice S”“‘“_”Te’ where the orthorhombic phase is a
to the possible magnetic fluctuatiohBurthermore, there is also pollytyhpe of ;he monoclinic pEase. | fth I
interest in the unusually large thermoelectric power coexisting di n this s(tju ywe repdort ont : crysta st_:%ctubrec.) the recently
with low electric resistivity in the layered cobalt oxides, such discovered compound, (€gOH).16C00,. The basic structure
as NaCeO,2 and CaCaOo? This effect is considered to &S initially studied using conventional X-ray and electron
originate from a large hidden entropy associated with spin diffraction.” It was reported that the compound includes a double
frustration on the triangle lattice in the Co@yer. layered CagsOH structure block as the blocking layer, situated
The structure of the cobalt oxides consists of layers of Co between the COQaYerS, n thg structure. Some of the Ca s!tes
atoms, within an octahedral environment of oxygen atoms are defective, resulting in a mixed-valence state for the Co ions.

arranged on a triangle lattice. The charge and spin correlationThe two subsystems, [CoPand [2C4.0H], have incom-

is found to occur mainly in the CoGayers. The blocking layer, mensurable periodicity along _thseaxis resulting in a migfit— _
which consists of single or multiple atomic layers, interlinks layer structure. Thus, we anticipate the crystal structure is being

between the Coglayers, forming a series of cobalt oxide layers modulated due to the intersubsystem interaction. The structural

It was suggested that the blocking layer could be replaced with modulat.ion.may affect carrier_conduction t.hrough the potgntial
different elements or structure blocks while keeping the modulation in the Co®layer. It is, therefore, important to clarify
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the incommensurate modulated structure in detail, to better Table 1. Assumed Four-Dimensional Superspace Groups for
understand the observed physical propertiewever, other (C20850H)2.C00, (o = 0.57822)

researchers have yet to report a structural analysis of the subsystem 1: [CoOgl., 2: [2Cag50H].
material. This is presumably because neutron diffraction experi- modulation vectorg? aar* o la*
ments may be ineffective for the structural analysis. The neutron ~ ¢entering translation 112,172, 0, 1/2 1/2,1/2,0,1/2
diffraction measurements are affected by the large bound SYMmetry operators o {;t_z 1 s t_y 4
incoherent scattering due to the hydrogen atoms found in the “x, =y, —7, —t —x, —y, ~7, —t
present compound. —X, Y,z —t+1/2 —x+1/2,y, z—t
In this study the modulated crystal structure of {Ga symbol C2im(c10)s0 C2,/m(a110)
OH)116C00; was investigated in detail using the superspace- a o = ar/ap. ar* and ay* are unit reciprocal-lattice vectors along the

group approach. Data was obtained using a Det8&herrer- axis for subsystem 1 and 2, respectively.
type synchrotron X-ray diffraction method, which is presently .
the best method one can employ to reduce the influences of theStructure Analysis

bound incoherent scattering and the strong preferred orientation  Superspace-Group Symmetry. Electron microscopy of
due to the layered structure. From the analysis of the diffraction (Ca, gsOH); 14C00, was performed in the original workThe
data we found that the compound has a unique structural electron diffraction patterns clearly show that the sample is in
modulation. The CgesOH block, in particular, is strongly  anincommensurate phase that belongs to the class of composite
combined and interacts with the Cplayer block. On the basis  crystals having a (3+ 1)-dimensional structure. The main
of these results the hole-doping level at the Co sites and thereflection spots in the electron diffraction patterns were assigned
degree of the potential modulation in the Go@yer was by superimposition of two sets of monoclinic reciprocal lattices
investigated further. In the following discussion the relationship corresponding to the two subsystems, with comraband c*
between the hole-doping mechanism and the Ca defect, throughth ~ 4.9 A, ¢ ~ 8.8 A, andog = 95.7) unit vectors, and
the local structural modulation, is considered in detail. differenta;* and a;* (unique axis,a; =~ 2.8 A for the subsystem
1 anda, ~ 4.9 A for the subsystem 2). Some weak satellite
spots, due to incommensurate modulation resulting from the
Sample Preparation.Polycrystalline monoclinic samples of (€58 intersubsystem interaction, were observed alongathexis.
OH)1.14C0Q, were prepared using the high-pressure solid-state reaction g, the main and satellite reflections are systematically indexed

method. Starting reagents, £n, CaQ, CaO, and Ca(OH) with an . . . At
atomic molar ratio of Ca/Co/O/H 1:1:3.333:1.167 were mixed using by a set (_)f fo_ur mtfgemk*lm’ Wlih a reC|£)rocaI Iattlge_veCtT
given by: h = ha* + kb* + Ic* + may*, whereay* = aay

an agate mortar in a glove box filled with dry Ar gas. The mixture _ o - .
was sealed into a gold capsule and then heated in a flat-belt-type high-(a ~ 0.578: incommensurabilityy: The modulation wave-

pressure apparatus under 6 GPa at 1200for 1 h, followed by vector, g, is aay* for the subsystem 1 and'ay* for the
quenching to room temperature before releasing the pressure. TheSubsystem 2.

product, as grown, was washed in deionized water to remove the small  Systematic extinctions were foundh + k + m = odd is
amounts of unreacted Ca(OHYhe final product sample quality was  absent for thel(klm) reflections. This implies C-centering with
checked using conventional X-ray diffraction. The sample was con- a centering translation of (1/2,1/2,0,1/2). The extinction condi-
firmed to be pure enough for a precise structure analysis. The atomiction, | = odd is absent for the K0) reflections, was not
composition of the phase is (60H)..1<CoC,, reported in a previous  ghserved. This implies a tentative centrosymmetric sy,
paper. m, or its lower-symmetry noncentrosymmetric symb@g, or

Diffraction Measurement. Synchrotron X-ray diffraction data for & ‘¢ 1yoth the subsystems. The other extinction condition is
the analysis of the crystal structure of the materials was obtained using . .
found for a special subset of reflectionsa = odd andh =

a high-resolution powder diffractometénstalled at the BL15XU beam 13
line of SPring-8 with DebyeScherrer geometry, using a Ge(111) odd are absent for théh@Om) reflections'® Therefore, for a

analyzet and a YAP detector. Incident beams from an undulator were CeNntrosymmetric structure, the superspace group compatible with
monochromatized to a wavelength of 0.8 A, with inclined Si(111) the Laue symmetry, and all the extinction conditionsC&
double-crystal monochromators. The fine-particle powder sample was m(ac10)s0 for the subsystem 1. This symbol is equivalent to
loaded into a quartz-glass capillary tube (inner diameter 0.5 mm) and B2/m(00y)s0 (No. 12.4) in Table 9.8.3.5 of ref 14. Correspond-
was rotated at a speed of about 1.2 cps during the measurement. Th¢ng symmetry operations, i.e., elements of the superspace group,
diffraction data were collected at room temperature i ai2gle range, are summarized in Table 1. Elements of the superspace group
frt(;r; 310 7', in a step size of 0.00%and a counting timefd s per of the subsystem 2 was obtained by coordinate transformation
S ) . . . . _

Analysis Software. The synchrotron X-ray diffraction data were I(?/S—ug?rzz?)(;f/:t"et?ntzﬁ;?ggglr?hfé;r?g;igqg ?;ﬁgzu%ége

=2 . 1

analyzed using the Rietveld-refinement software, PREMO %2kl bol f b 5 F
PREMOS91, designed by Yamam¥ttor modulated structure analysis. superspace-group symbol for subsystem 2. For a noncentrosym-

Crystal structures were drawn using PRIMS. Interatomic distances wereMetric structure the appropriate noncentrosymmetric superspace
plotted using MODPLT. Restrictions of harmonic amplitudes of groups should be used, e.§2(a10}s, etc.
modulation functions were calculated using SPLPOS. These computer Determination of the Basic Structure. From electron

Experimental Section

programs are included in the REMOS95.1 software packhge. diffraction data it was found that (GasOH);.16C00; has the
(8) Ikeda, T.; Nisawa, A.; Okui, M.; Yagi, N.; Yoshikawa, H.; Fukushima, S.  (12) Yamamoto, AActa Crystallogr., Sect. A982 38, 87.
J. Synchrotron Rad2003 10, 424. (13) This extinction was determined by excluding additional (forbidden)
(9) Nisawa, A.; Okui, M.; Yagi, N.; Mizutani, T.; Yoshikawa, H.; Fukushima, reflections due to stacking faults or multiple reflections from the observed
S. Nucl. Instrum. Methods Phys. Res., Sec2084 497, 563. electron diffraction patterns.
(10) Yamamoto, AActa Crystallogr., Sect. A993 49, 831; Yamamoto, A. (14) Janssen, T.; Janner, A.; Looijenga-Vos, A.; de Wolff, P. Mntarnational
Acta Crystallogr., Sect. A996 52, 509. Tables for CrystallographyPrince, E., Ed.; Kluwer: Dordrecht, 2004; Vol.
(11) Yamamoto, A. http://www.nims.go.jp/aperiodic/lyamamoto/index.html. C, p 922.
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(a) (b) Co**, Ca&", and O were taken from Table 6.1.1.4 in ref 16.
The preferred orientation due to a plate-like crystal habit was
c c corrected using two preferred-orientation vectorg{main

A direction) andb* (subdirection). The & range used in the
analysis was from I’lto 7C°, corresponding to the lattice-plane
spacing,d, from 4.173 to 0.697 A. The same conditions were
also used for the following modulated-structure analysis.
Refinement of the Modulated Structure. For the (3+ 1)-

: dimensional composite crystal, the complete structure involves
Ca modulation for each atom. The atomic positions in the modu-
(o] lated structure can be described by the sum of the fundamental
structure and deviations from thef'”1° The coordinates of
o0 atomj of subsystemv can be written as
h—— ﬁa N o (i | (o
2 %,i(0) = %,(0) + U;i(X,s0) 1)

Figure 1. Fundamental structure of (gg&OH)1.16C00;, projected along

the [100] (a) and the [010] (b) directions. The gray-colored quadrilaterals (v=1,2,i=1,2,3,j=Co, O, Ca, OH for the present case)

represent unit cells of the subsystems. T e m e T )
P Y The first term in the right side is the fundamental structure.

Table 2. Refined Fractional Coordinates, X0,(j) (v =1, 2, i=1, 2, This term can be given by
3, j= Co, O, Ca, OH), Occupation Factors, p,(j), and Isotropic
Displacement Parameters, B°,(j), for the Fundamental Structure of

(Cao.850H)2,C00; (o = 0.57822) %) = n,; +x0) — (Z2), (2
atom () X P X3 o B, (A
Subsystem 1= 1): [CoOj].

wheren,; are integers describing the unit cell ax®); are the

Co o o 0 10 0.5 fractional coordinates of atorjy within one unit cell of the

o 12 0.192(1) 0.1127(7) 120 1.0 fundamental structure. The fractional coordinates are given in
Subsystem 2i(= 2): [2Ca.s0H]. Table 2. The matriX”y is defined by writing aZ matrix, Z?,

Ca 1/4 0.0353(9) 0.6623(6) 085 1.00 as the juxtaposition of a ¥ 3 matrixZ”; and a 3x d matrix

OH 3/4  0.018(1) 0.610(1) 111131 10 ZVq(d=1): Z" = (Z"3Z"y). In the present case, tlematrices

aFixed in the Rietveld refinement.Correction in atomic scattering for the subsystems are given by

factors. (See text.)

1000 0001
same superspace-group symmetry as a monoclinic form of a z'=l0100[ z°=[0100 ®3)
layered sulfide, (Pb$)sTiS,.5 In this study we employed the 0010 0010
centrosymmetric superspace gro@2/m(a.10)s0—C2;/m(a~1- The t dependency of eq 2 reflects a shift of the origin with
10), for the structure analysis of (£&0H)11£C00; and respect to that obtained with the standard superspace description

constructed an initial structure model, making reference to the for subsystemv. This term is necessary to retain the relative
structure model proposed by van Smaalen et al. for the phase between the subsystems when varying the physical space
monoclinic form of (PbS)1sTiS,.1° The fractional coordinates  sectionE3(t).
of the atoms in the fundamental structure of {g@H); 1600, The second term of the right side of eq 1 represents the
were refined using the Rietveld analysis, in which no displace- displacement modulation of the atoms. The modulation function
ment modulation was taken into account. The resultant reliability of atomj can be written as a Fourier series:
factor, Ryp, was 0.1054. The parameters obtained are listed in
Table 2. Fundamental structures a and b of Figure 1 are drawn Uyi(R,s) = Ao».
using these parameters. The small valu&gfis indicative of mo .
a reasonably good fit and consistency of the structure model. [A cos(2mnX,g,) + BY; sin(27nX,,)] (4)

For the refinement of the fundamental structure, atomic "
scattering factors of OH ions were replaced with those of the \herex,s, are the fourth superspace coordinates for the case,
O ions. The occupation factap, of the site was setat 1.11111  wjthout modulation, in the subsystem superspace embedtitfg.
to replicate the true atomic scattering factors of OH. This is The modulation function is periodic with periodicity 1 in its
because the atomic scattering factors of OH ions are estimatedargument. The first term of the right side of eq 4 is for the
to be aboutZ+1)/Z times of the atomic scattering factors of O correction of the basic structure in the refinement. The

ions, whereZ (=9) is the number of electrons of the Gons. coordinates of the average structure are thus written as
Occupation factorsp, were set at 0.85 for the Ca site and at _
unity for all other sites. Isotropic atomic displacement param- X,(0) = %,,() + A, (5)

eters,B, were predefined at 0.5%o0r the Co site and at 1.0

for all other sites during the refinement. Coefficients for the (16) Brown, P.J; Fox, A. G.; Maslen, E. N., O'Keefe, M. A.; Willis, B. T. M.
. i X K X In International Tables for CrystallographyPrince, E., Ed.; Kluwer:

analytical approximation of the atomic scattering factors for Dordrecht, 2004; Vol. C, p 578.

(17) van Smaalen, S.; de Boer, J.Rhys. Re. B 1992 46, 2750.

(18) de Wolff, P. M.Acta Crystallogr., Sect. A974 30, 777.

(15) van Smaalen, S.; Meetsma, A.; Wiegers, G. A.; de Boer, JAdta (19) Onoda, MJ. Crystallogr. Soc. JprL99§ 40, 161; Onoda, MJ. Crystallogr.

Crystallogr., Sect. BL991, 47, 314. Soc. Jpn1998 40, 202.
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The fourth superspace coordinatg, is given by (a) »
X = 0%, + Vit (6)
where Vg is the fourth element in th&/” matrix for the
subsysteny, and thes-matrix represents the coordinates of the st >
a,

X,
modulation wavevectay’.!® For the present case, thlematrices "t
and theo-matrices of the subsystems are written as follows:

o

OXy4

vi=(0,0,0,1), V>=(1,0,0,0) @ ° )ix E

0,=(a,0,0), o,=(a"0,0) (8) "

E3(1)

The t-dependent part in eq 6 and thelependence ix,(j), -~
together define the relationship between the phases of the |; -5 LT
modulation functions in the two subsystems and the relative S~
position of the subsystem lattices along the incommensurate ] iy (Xysa)
direction. s
For the four-dimensional system, the position of the atoms ¥
can be expressed using the coordinate veotar Xsz, Xs3, Xs4) Ay
in four-dimensional real space. The relationship betweg(k
=1, 2, 3, 4) andks is obtained as, >
(b) o
' 4105
X + Y| Uyo(Rys0) 9) °
XS4 uv3()_(1/$4)

s1

AN

\

o'x. " - .
21 0y (Xp54) .

~

whereY" is the pseudo-inverse @". For the present cas¥! X4 (D)
is written by Xsa=r -~
[ Up(Kasa)

yi= Y2= (10)

2 OO r
Cocor o
Or oo
RrooGQ
coor O
oOr o O

Figure 2. Description of a unit cell in the four-dimensional real superspace,
and relationship between the coordinateg(k = 1—4) andx,; (v = 1, 2,

The relationship betweegkand the corresponding fundamental- i =1, 2, 3): the structural modulations for the subsystem 1 (a) and for the

structure positiorx,; is expressed as, subsystem 2 (b).
Z‘sl X, 0 By substituting eqs 12a, 12b and 4 into eq 1, the coordinate
ol _ v )-(Vl + 0 (11) %i(j), and consequently the interatomic distances, can be
Xs % 2 0 expressed as a function of the fourth superspace coordinate
Xy 3 t By analogy, a similar expression for the modulation functions

can be obtained for the modulation in tlBeand p param-
Figure 2 is an illustration of a unit cell in the four-dimensional eters!012
real superspace and the relationship betweenxthand X, The structure factor in a four-dimensional formalism is
coordinates. Each cross section in superspace perpendicular texpressed as
the additional dimensiorg3(t), gives an equivalent description
of the physical spacé&?. It is characterized using the parameter Fhiim =
t, which is an element in another expression of the four- 1 ;
dimensional superspace coordinateyz t). It should be noted Zfo s f(1D1) exp[27i (o + o + I + M) (13)
thatt can be defined as the distance from the three-dimensional
real space and represents a position of a unit cell placedwheref(|h|) are atomic scattering factors as a function of the
somewhere in the crystal. three-dimensional reciprocal-lattice vecto® The structure
The fourth coordinate of the subsystem superspace descrip-analysis was carried out by comparing the calculgf@gin?
tion, X,s, iS given in eq 6. Substitution of eqs 7 and 8 into eq and the observed integral intensity of the reflections wihm

6 gives different expressions for the two subsystems: indices. In the composite crystal each substructure is modulated
because of the interaction between the substructures. The
X = 0Xy4() +t=a[n;; + xllo(j)] +t (12a) reciprocal base vectors of the first paa¥, b*, ¢*) and those
~ i = o of the second pargg*, b*, c*) are related to the minimal vector
Xost = O Xo(j) = o [Nyy + %0 () — 1] (12b) set in reciprocal spade*, b*, c*, a;*} through thez matrices

14588 J. AM. CHEM. SOC. = VOL. 129, NO. 47, 2007
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Table 3. Restrictions Applying to Harmonic Amplitudes@ in the
Case of C2/m(010)s0—C21/m(o."110) n
atom () odd harmonics even harmonics 5
Qo
Subsystem 1= 1): [CoOy]. s
Co Unz zero odd 2 -
U1z odd zero S hi L L
z T8 W "
u13 Odd Zero = JEETE T BEPEETEEEEUE OB A0 000008000000 OO 000 N1 00 00
pl Zero even LI T A 4 (VA YR LIRTE T I
B zero even
o) U even odd el ‘
U1z odd even
U3 Ogg even 20 30 40 50 60 70
p1 o] even I
B, odd even Diffraction Angle (deg.)
o Figure 3. Rietveld-refinement pattern of the synchrotron X-ray diffraction
Ca StbsyStem (= 2)(.)d[dZCa]‘850H]m odd data for (CagsOH)2«C0oO, (o. = 0.57822). The upper solid line is calculated
u21 even even intensities. The small crosses superimposed on it are observed intensities.
u22 even even The lower solid line is differences between the observed and calculated
23 even even intensities. Short vertical lines below the profiles indicate the peak positions
P2 of the main (upper) and satellite (lower) reflections for the two subsystems.
B> even even
OH Uz1 odd odd Table 4. Crystallographic Data and Structure Refinement for
322 gzzz :zzz (Cag.850H)2,C00; (o = 0.57822(8))
23
P2 even even formula (Ca.80H)2,C0O; (o0 = 0.57822(8))
B even even fw 149.996
temp 295 K

aThe “odd” meansA, = 0 andB, = variable; the “even” mean&, =
variable andB, = 0; the “zero” meang\, = B, = 0, whereA, (n=0) and
B, (n>1) are, respectively, the coefficients of cosine and sine components
with the n-th harmonic order in the modulation function, eq 4.

in eq 3. The vectors in the minimal set are considered to be the
projections of the base vectors of a four-dimensional reciprocal
lattice. Thus, the two substructures are embedded in a four-
dimensional structure and form two subsystems of the latter.
In the computer program PREMOS the permutation mak;x,

= (1,4) (v = 2: subsystem number), is used instead ofZhe

matrices® The composite crystal is treated as an interpenetration

of the two modulated structures. The subsystem superspace density(calcd)
groups for the first and second subsystems listed in Table 1 are

used in the present analysis. The modulation wave vectors
selected for them arey* and a;*, respectively, based on the
minimal vector set. Therefore, the reflectiohkl0 and &im

are main reflections for the first and the second parts. Further-

0.8 A (15497.68 eV)
BL15XU at SPring-8, JASRI
monoclinic (subsystem-1)

monoclinic (subsystem-2)
C2/m(a10)sG-C2y/m(c."110)

a; =2.8180(4) A

b= 4.8938(6) A

c=8.810(1) A

co = —0.10022(5),

viz., ap = 95.75(3)

o(=a/ay) = 0.57822(8),

viz., 3 = 4.8736(4) A
120.88(2) A(subsystem-1)
2

synchrotron X-ray wavelength
diffractometer
crystal system

superspace group
lattice constants

cell volume
V4

4,121 g/cin
26 range used 1170° in 0.005 steps
no. of observations used 11650
no. of reflections 915

main: 353 (70 (RIO), 152 qki0),
131 (kIm)), satellite: 562 Iikim)

no. of refined parameters Fourier amplitudes: 29, others: 32

. _ : R-factors Rup = 8.51%,R, = 6.46%,
more, the reflectiorhkim, with both h and m nonzero, is the Re = 15.8%,5(=Ruy/Re) = 0.537
mth order satellite reflection of the first part and thi& order R = 3.97%,R<(=R) = 1.76%,
satellite reflection of the second part. ] Ry =2.51%
refinement software PREMOSRIPREMOS91

Parameter setting and refinement conditions for the present
analysis are outlined as following. The maximum order of the
harmonicsm, was set at 2 for the modulation functions in eq  OH are even functions. The total number of parameters refined
4. Fourier amplitudes ini!;(%,s) were refined for all sites in i the analysis was 61, including 29 Fourier amplitudes in the
the Rietveld analysis. Fourier amplitudespobf the Ca atoms modulation functions for the fractional coordinates and the
were also refined but the Oth order coefficient was set at zero occupation factor.
to fix the average occupancy pt(Ca) (=0.85).B parameters
were fixed at the initial valuesB® for each site of the
fundamental structure. For those sites that are special positions Figure 3 is the best Rietveld-refinement result in the case of
in the superspace group, all of the Fourier coefficients were the modulated structure. This figure indicates the observed,
not variable. Some of the Fourier coefficients in the modulation calculated, and difference patterns for the synchrotron X-ray
functions should be fixed at null because of the constraints. powder diffraction data. The Rietveld-refinement details and
Restrictions applying to harmonic amplitudes in caseCaf characteristics of the final refinement are summarized in Table
m(a10)s0—C2;/m(a.=*10) are summarized in Table 3. As a 4. The resultant profile reliability factoR,, = 0.0851, is already
result, the modulation functions of1, ui», andu;s for Co, and at the practical minimum limit. There has been much tweaking
up; for Ca and OH are odd functions, while the modulation of the trials to try to improve the Rietveld-analysis convergence.
functions ofp andB for Co, andus,, Ups, p, andB for Ca and The still somewhat higliR,, implies imperfect profile fitting.
This is presumably due to a somewhat insufficient approxima-
tion to the precise shape of the modulation functions, or the

Results

(20) Yamamoto, AActa Crystallogr., Sect. A992 48, 476.
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Figure 4. Modulation of the fractional coordinates, y, z (=x%i+u,i: v ] //

=1,2,i =1, 2, 3), and the occupation factqy, for the atoms in (Cges . . . . . .
OH)2C0o0, (o = 0.57822): (a) subsystem 1 and (b) subsystem 2. The Figure5. Four-dimensional description of the incommensurate composite
parameters are plotted as a function of the fourth superspace coordinate rystal (Ca.ssOH)2,Co0; (o = 0.57822). The horizontal line represents

Xea(=%154) for Co and O, andka(=%zss) for Ca and OH. the physical coordinate along taganda; axis, and is the complementary
coordinate. Atoms are depicted as wavy strings; the lines represent Co (blue),
Table 5. Fourier Amplitudes Obtained from the Rietveld O (yellow), Ca (red), and OH (light-blue). The; and as4 represent the
Refinement of (Cag gs0H)2,C0o0> (a0 = 0.57822). A, (n = 0—2) and periodicity in four-dimensional superspace. The solid parallelogram cor-
B, (n =1, 2) Are, Respectively, the Coefficients of Cosine and responds to a unit cell drawn in Figure 2. Average coordinates of the atoms
Sine Components with the nth Harmonic Order in the Modulation marked are Co (0, 0, 0), O (0.5, 0.191, 0.1110), Ca (0.25, 0.039, 0.668),
Function, Eq 42 and OH (0.75, 0.025, 0.617).
atom () Ao A B s 5 Table 6. Fractional Coordinates of the Average Structure of
Subsystem 1i(= 1): [C0O)]w (CapgsOH)24C00z: X0(j) + Adhi (v =1, 2,i=1, 2,3, j= Co, O,
Co un 0.003(2) Ca, OH)
312 :888883 atom (j) X1+ Ay Koz + Ao X3+ Ana
0 un 0.015(7) —0.034(5) Subsystem 1#=1): [CoOyw
u —0.001(1) 0.004(4) —0.004(5) Co 0 0 0
uiz —0.0017(6) 0.002(2) —0.002(3) O 1/2 0.191(1) 0.1110(6)
Subsystem 2y(= 2): [2Ca sOH].» Subsystem 2u=2): [2Ca gfOH].
Ca uxn 0.063(6) —0.030(9) Ca 1/4 0.039(1) 0.668(2)
Uz 0.004(1) —0.030(3) 0.007(5) OH 3/4 0.025(2) 0.617(1)
Uz 0.006(2) —0.024(2) 0.013(3)
p. 000 0.38(5) -0.2(1)
OH Uz 00072)  0.007(6) 0.052(5) 0.0000) 0.066(7) fundamental-structure parameters in Table 2. The average-
U2 . . —0. . . . . .
s 0.006(1) 0.023(5) 0.020(7) structure coordinates are listed in Table 6. Selected interatomic

distances and bond angles of the average structure are listed in
aNumbers in parentheses are estimated standard deviations of the lasiTable 7. Figure 6 is a schematic drawing of a part of the crystal

significant digit. Blank columns represent a null coefficient, derived from  gtrycture highlighting the atomic coordination around the Co
the constraint on the special position of the site. (See Tablé Bixed in ’

the Rietveld refinement to fix the average occupancp®s(Ca) (=0.85). and Ca at_oms. S ] )
All the interatomic distanced, included in the modulated

peculiar broad profile shape of the Bragg reflections in the crystal can be plotted as a function of a complementary

layered crystal. Nevertheless, the sni&dl(=0.0176) ensures  coordinate, i.e., the fourth superspace coordinatgigures 7,

that the structure model and the refined parameters are reliable8, 9 and 10 are plots dfversus distancé(Co—0), |(Ca—OH),
Table 5 lists refined Fourier amplitudes of the modulation [(Ca—0), andl(OH—O), respectively. Note thatis periodic in

functions.A, (n = 0—2: order of the harmonics) arigh (n = the interval 0< t < 1.0 for the Ce-O distances and in the

1, 2) are, respectively, the coefficients of the cosine and sineinterval 0< t < aj/a)(=0=0.57822(8)) for the CaOH, Ca-

components in the modulation function, eq 4; numbers in O, and OH-O distances. The GeO and Ca-OH distances

parentheses are estimated standard deviations of the lashre intrasubsystem, while the €8 and OH-O distances are

significant digit. Blank columns represent a null coefficient, intersubsystem. The variation of the intrasubsystem distances

derived from the constraint on the crystallographically special implies that displacement modulations are more pronounced in

position of the site. The modulation of the fractional coordinates, the [2Ca gOH] subsystem than in [CofD In Figures 7, 8, 9,

Wi, and the occupation factoys,, of the atoms can be calculated and 10, the numbers listed beside the interatomic distance waves

with egs 1, 2, and 4 using the obtained parameters in Table 2correspond to the numbers assigned to the O or OH atoms in

and 5. Theu,; andp, parameters are plotted in Figure 4 as a Figure 6. The modulation amplitudes of the selected interatomic

function of the fourth superspace coordinatg; (= Xs for Co distance waves are summarized in Table 6.

and O, or= Xg for Ca and OH). Figure 5 represents the four-

dimensional description of the positional parameters of the Discussion
atoms, plotted as wavy strings on thg—as4 Cross section in Overall Features of the Structure. The fundamental crystal
the four-dimensional real superspace. structure of (CagsOH)1.16C00; is illustrated in Figure 1.

Average-structure parameters for the modulated crystal canBasically, the structure is built up with Ce@yers (subsystem-
be obtained by adding, in Table 5 to the corresponding 1) and rock-salt-type double g&OH layers (subsystem-2)
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Table 7. Selected Interatomic Distances and Bond Angles for the Average and Modulated Structures of (Cag.gsOH)2,C00- (o0 = 0.57822)

length (A) or angle (deg)

modulated structure

bond/angle average structure (shortest-longest)
Intrasubsystem(= 1)
Co—0Ot245 1.91 1.82-1.98
Co—036 1.88 1.86-1.90
Co—05-Co! 95 93-96
Intrasubsystem(= 2)
Ca—OHL2 2.48 1.94-3.05
Ca—OH?® 2.47 2.40-2.60
Ca—OH* 2.51 241274
Ca—OH?® 251 2.44-2.58
Ca-OH!—Cal 159 142-170
Ca—OH3—-C& 159 136-166
Ca—OH!-C& 88 69-112
Ca-OH3-C& 89 69-107
Ca—OHMS-Cat 101 85-124

(shortest-longest)

Intersubsystem
Ca—0O*(the first nearest neighbor) 2.22.40 2.172.54
Ca—0O* (the second nearest neighbor) 24073 2.29-2.75
Ca—0* (the third nearest neighbor) 2.68.60 2.32-3.18
OH—O* (the first nearest neighbor) 2.62.77 2.58-3.01
Co—0*5-Ca (0.140< t < 0.355) 70-84 73-88
Co—06f—Ca (0.140< t < 0.355) 9191 91-91

2 The fundamental-structure positions of the atoms=at0 are: Co= (x%11, X°12, X%13+1), Cot = (X011+1, X015, XO13+1), OF = (XO1g, X012, XO13+1), OF =
(XOM,l’ Xolz, X013+1), 03 = (x°1171/2, X012*1/2, X013+1), 04 = (*XO]_]_, *Xolz, *X013+1), (f = (*Xolﬁ‘l, *Xolz, *X013+1), (y = (*X011+1/2, *X012+1/2,
—X013+1), O* = (—X011+n11, —X012, —X013+l) or (—x°11+n11+1/2, —X012+1/2, —X013+1), Ca= (X021, X022, X023), cd = (X021+1, onz, X023), Ca? = (X021,
onz"rl, X023), C&% = (onr‘rl, onz"rl, X023), Co’:f1 = (—onr‘rl, —ong, —X023+1), OHl = (Xogl, X022, ong), OH2 = (Xogl—l, X022, X023), OH3 = (X021—l/2,

X0 +112,X03), OH* = (X0p1—1/2, X055—1/2, X%3), OHP = (—x%1+1, X0%;, —X%3+1), wherex?, (v = 1, 2 andi = 1, 2, 3) are the fractional coordinates of
the atoms listed in Table 2. The superscript numbers of the anions refer to the atom numbers assigned in Figure 6.

alternately stacked along teaxis. The Co@layer is composed  displacement of the atoms in the Cplayers is not that much

of edge-sharing Co§octahedra. The Co and O atoms form a larger than that in the GasOH layers. The displacement is
triangle lattice for each atomic plane. Theo@#®H block is particularly small for the Co atoms. The modulation in the @oO
not of the ideal rock-salt-type structure but is initially deformed layer is due mainly to the O atoms. With constraints on inversion
because of the large difference in theoordinate position of  symmetry in the adopted superspace gr@@fim(a10)s0—C2y/

the Ca and OH ions. This is because the Coulombic force m(o.=110), the Ce-O bond lengths are basically restricted to
between the & ions and the CH ions is attractive and is  two types. In Figure 7, the modulated waves of the bonds,
repulsive between the? ions and the OH ions. numbers 1, 2, 4, and 5, which have different phases of the wave

Figure 11 represents projection views along #gb-, and function, are essentially the same. The modulated waves of the
c-axes of the modulated crystal structure, illustrated using the bonds, numbers 3 and 6, are also the same. The bonds, numbers
refined structure parameters. Undulated rows of the O atoms1, 2, 4, and 5, modulate in the range of 1.821 < 1.98 A,
can be observed in the [Cg[3ubsystem. Displacement of the  while the other type of bonds, numbers 3 and 6, modulate in
Co atoms is small. In contrast, large displacement modulation the range of 1.86 | < 1.90 A. In both cases, the amplitudes
was observed in the [2Ga0OH] subsystem. The amplitude of  of the undulation of the CeO bond lengths are comparatively
the modulation is attributed to the strength of the intersubsystemsmall. The average CeO bond lengths are 1.91 A for the bonds
interaction. Since the O and g&OH planes are situated close 1, 2, 4, and 5, and 1.88 A for the bonds 3 and 6. These values
to the misfit-layer boundary between the two subsystems, the are slightly shorter than the value 1.945 A, which is estimated
incommensurability between the subsystems should morefrom the summation of the effective ionic radii of Co and O
directly deform the structures. In contrast, the Co atoms are —0.545 A for Cé* (six-fold coordination with a low-spin state)
situated so as to withdraw into the close-packed g£o€ahe- and 1.40 A for G~ (six-fold coordination! The shortened
dron shells, which could possibly screen out or moderate the Co—O bond lengths indicate that the Co ions attract the
incommensurable intersubsystem Coulombic interaction. The surrounding O ions, due to the higher cobalt valence; tiales
structural modulation in the GgsOH atomic planes and the  are introduced into the Cipy band. Actually, the cobalt valence
CoQ; layer are illustrated in Figure 11c. From the cross sections of the present compound, (€&0H);.1€Co0, was reported to
(i—iii), a large in-plane deformation can be observed in each be+3.167 The observed shorter G®© bond length is consistent
Cay ssOH plane. A similar local deformation repeatedly appears with this result.
every four times ofa, for the subsystem 2 and every seven For a series of layered cobalt oxides, GoGtahedra are
times ofgy for the subsystem 1, because the incommensurable deformed when compared with a cubic symmetrical octahedron.
ratio of the latticesau/a; (=0.57822), is nearly equal to 4/7  |n particular, in hole-doped compounds the-8® ion interac-
(=0.57143). tion is an attractive Coulombic force, which flattens out the

Structure in the CoO, subsystem.The Co ion coordinates
with six neighboring O ions. As illustrated in Figure 11, the (21) Shannon, R. DActa Crystallogr., Sect. A976 32, 751.
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Figure 6. Schematic drawing of a part of the crystal structure, highlighting
the atomic coordination around the Co and Ca atoms~at0.25. The

numbers on the atoms refer to the curve numbers in Figures 7, 8, 9, and

10. d is the thickness of the CaoQayer.
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Figure 7. Intrasubsystem interatomic distances betweenCe (1) and

O (v = 1) in the modulated structure of (€&0H)2,Co0; (o = 0.57822).
The curve numbers refer to the O ion numbers in Figure 6.

CoGs octahedra along the-axis. The thickness of the CgO
octahedrong, is therefore often used as a measure of the hole-
doping level. In the present case of ((ggDH);16C00,, the
thicknessd modulates in the range of 1.99.d < 2.04 A, about
1.96 A on average. The averagealue, 1.96 A, is shorter than
that measured for non-doped orthorhombic (CaQk§oO,
(Co?94, d a 2.05 A)26 but is longer than the superconducting
sodium cobalt oxides, such as ¢NadH30)0.23C00;+1.19H,0
(BLH-Na,Co0; (P2): Ca*43t, d ~ 1.80 A2 or NayagHz0)o.17
(H20)12C00; (BLH-Na,Co0, (P3): C*48, d ~ 1.85 A)%
Thed value of (C@s0H)1.16C00; is, if anything, near to the
value of the moderately hole-doped prototype compound,
}/-N80_711C002 (C03'289'L, d~ 1.96 A)24

It is well-known that the bond-valence sung;) is an
empirical measure of oxidation states for cations in inorganic
solids?526 Figure 12 is a plot of§; as a function of the fourth
superspace coordinatefor the Co atoms in (GasOH);.16Co0p.

(22) Takada, K.; Fukuda, K.; Osada, M.; Nakai, |.; Izumi, F.; Dilanian, R. A,;
Kato, K.; Takata, M.; Sakurai, H.; Takayama-Muromachi, E.; Sasaki, T.
J. Mater. Chem2004 14, 1448.

(23) Takada, K.; Sakurai, H.; Takayama-Muromachi, E.; Izumi, F.; Dilanian,R.
A.; Sasaki, T.Adv. Mater. 2004 16, 1901.

(24) Huang, Q.; Khaykovich, B.; Chou, F. C.; Cho, J. H.; Lynn, J. W.; Lee, Y.
S. Phys. Re. B 2004 70, 134115.
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Figure 8. Intrasubsystem interatomic distances betweeniCa @) and

OH (v = 2) in the modulated structure of (£&0H)2,CoO, (o0 = 0.57822).

The curve numbers refer to the OH ion numbers in Figure 6. The hatched
area is related to the Ca defect, and thus the @d bond lengths in this
area actually do not exist in the structure.
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Figure 9. Modulated-structure interatomic distances betweemGa R)

and O ¢ = 1) as a function of the fourth superspace coordirtatEhe
curve numbers refer to the O ion numbers in Figure 6. The hatched area is
related to the Ca defect, and thus the-@abond lengths in this area actually

do not exist in the structure.
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Figure 10. Modulated-structure interatomic distances between @k (
2) and O ¢ = 1) as a function of the fourth superspace coorditafehe
curve numbers refers to the O ion numbers in Figure 6.

The §; values were calculated using the -©0 distances in
Figure 7. Theg5; values are proportional to a probability of hole
occupancy at each Co site, and the amplitude of e
modulation wave can be regarded as a scale of the potential
modulation in the Co@conduction layer. Th&; modulates in

the range of+3.1 to+3.8, and is+3.4 on average. However,
the §; values seem to be overestimated compared to the true
Co valence+3.16, determined from a chemical analysis

(25) Brown, I. D.; Altermatt, D Acta Crystallogr., Sect. B985 41, 244.
(26) Brese, N. E.; O’Keeffe, MActa Crystallogr., Sect. B991, 47, 192.
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Figure 11. Modulated structure of (GasOH)2,CoO; (a0 = 0.57822) projected along the [100] (a), the [010] (b), and the-[0dc) directions. In (a) and

(b) the drawn space is within@ x < 7,0=< y < 1, and 0= z < 1 for the Co atoms and its vicinity. The broken lines represent misifit-layer boundaries
between the [Cog) and [2Ca ssOH] subsystems. Figure (c) shows cross sections at (i) 8.25< 0.5 (the upper GgsOH plane), (ii))—0.25 < z < 0.25

(the CoQ layer), and (iii)—0.5 < z < —0.25 (the lower CagsOH plane). The gray-colored quadrilaterals represent unit cells of the subsystems. The small
pink circles in the Co layer represent possible hole-doped Co sites. The white circles inp@l€dayers represent possible defect sites. The arrows
represent “the most deformed part”. (See text.)

the case of modulated crystals, the “absolute” valug;ahay [Cax(C0p65C Uy 35204] 0.68C00; are quite similar in terms of the

be less reliable for the determination of the accurate valence,average value and the amplitudes of the modulation. It suggests
since the bond-valence sum method is merely an empirical rulethat the hole-doping level and the degree of the potential
established for standard inorganic solids. The use of the bond-modulation in the Co@conduction layer for (Ggs£OH)1.16C00,
valence sum method, for modulated crystals, should thereforeare not significantly different from those of [&&0yes

be limited to the cases where a relative evaluation is performed. Cuy 35)204]0.68C00,.

[Cax(C0p 65C U 35204]0.68C00; is a hole-doped misfit-layer The structural modulation in the CeQayer should induce
compound with quadruple atomic layers in the rock-salt-type different electrostatic potential at the Co sites through the
block. Structure parameters of this phase were reported previ-difference of the surrounding Gd bond-lengths. It can be

27 ) i i
ously®" The §; values are also shown in Figure 12 for ;i - iy . Miura, T.; Onoda, M. Uchida, M.; Ishii, Y. Ono, Y. Morii
comparison. Both thes; waves for (CagsOH)1.16C00, and Y.; Kajitani, T. Jpn. J. Appl. Phys2003 42, 7467.
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Figure 12. Bond-valence sunf) values of the Co atoms in (GgOH)2q-
CoG; (oo = 0.57822), plotted as a function of the fourth superspace
coordinatet (solid line). TheS; values were calculated using the -©0
distances in Figure 7. Holes are expected to be introduced atth@ 25
andt ~ 0.75 sites. (See texts; values for [Ca(Cp 65Cp.35)204]0.66C00,?°

are also drawn in the figure for comparison (broken line).

expected that holes tend to be localized at lower electrostatic
potential sites. The bond-valence sum is a good scale of the
electrostatic potential and is useful for estimating the probable

sites where holes are localized at the ground state. In Figure 12

the §; of (Cay.gsOH)1.16C00; exhibit maxima at = 0.25 andt

= 0.75. This suggests that holes are expected to be located at

the Co sites wherex 0.25 and ~ 0.75. As illustrated in Figure

6 and 7, three upper O atoms, number 1, number 2, and numbe
3, approach the Co atom &t 0.25, while another set of three

O atoms, numbers 4, 5, and 6, approach the Co atotrrat
0.75. Assuming that the holes are situated only at the sites within
the ranges of = 0.25+ 0.04 andt = 0.75+ 0.04, we can

determine the arrangement of the hole-doped sites in real space

where the width of the range 6f0.04, was estimated from the
hole concentration, 0.16in Figure 11, the possible arrangement
of the hole-doped Co sites is illustrated with small pink circles.
Structure in the CaOH Subsystem.The most remarkable
structural feature in (GasOH)1.16C0O; is the large deformation
of the atomic arrangement in the [26380H] subsystem. The
Cay sOH block is markedly distorted and is different from an
ideal rock-salt-type structure. The similar tendency is observed
for orthorhombic (CaOH),4C00,.5 The Ca atom coordinates
with five OH ions in the [2CggsOH] subsystem and with three
O ions in the [Co@] subsystem (See Figure 6). Among the
five Ca—OH bonds, one bond is made up of an OH ion in the
neighboring plane (bond 5), while the remaining four bonds
are made up of OH ions in the same plane to which the Ca
atom belongs (bonds—4). The Ca-OH bond lengths of an

[

amplitude of the modulation function of thecomponent of
the OH ions (See Figure 4b). Whenr= 0.25 for the Ca atom,
the two neighboring OH ions in front and behind of the Ca
atom take the minimum and maximuxacoordinates, respec-
tively. The OH ions simultaneously approach the Ca atom along
thea-axis. In Figure 11c, the corresponding Ca sites are marked
with arrows, where the symmetrical large intraplane deformation
appears. Numbers 3 and 4 OH ions, i.e., two OH ions adjoining
the marked Ca sites along theaxis direction, look to be either
driven downward or upward in order to maintain their distance
from the number 1 and number 2 OH ions. In this paper, we
hereafter call this local part “the most deformed part”.

Fifteen percent of the Ca sites are defective. It was found in
Figure 4b that the modulation function of occupangyof the
Ca atom exhibits a significant modulation, which abruptly
approaches zero &; = 0.528 This suggests that the Ca defects
are expected to be concentrated aroundxthe= 0.5 position
in superspace coordinates. For simplification, in this paper, we
assume that the Ca-defect sites are situated selectively at the
sites within the range ofs; = 0.5+ 0.075, where the width of
the range oks; was estimated from the amount of the Ca defects,
0.15. In Figure 8 the Ca-defect sites are in the region where
> 0.5 (the “hatched” area), in which the €®H bond lengths
n the ranget = 0.54+ 0.04 do not exist. In the hatched area,
he tentative five CaOH bond lengths look to be relatively
palanced compared to those outside of the hatched area. This

implies that the Ca defect may occur at local sites in which the
structural deformation is not large (“the small modulation part”).
In Figure 11 possible Ca-defect sites are illustrated with white
circles.

In ionic crystals, the defect of ions is dependent on the
electrostatic potential at the site. At the “most deformed part”,
the minimum CaOH bonds produce a low electrostatic
potential at the Ca site. At the low potential site, the Ca ion
can be situated more stably. This explains the total (100%)
occupancy of Ca at the “most deformed part”. In contrast, the
“small modulation part” has higher electrostatic potential than
the “most deformed part”. At the high potential site, the Ca ion
is too unstable to be situated. This explains the analysis result
that the Ca atoms tend to be deficient at the “small modulation
part”.

Structural Relation between the SubsystemsAs seen in
Figure 6, the Ca atoms (and also OH ions) are situated below
(or above) the center line, (line C) equidistant from the two
neighboring O rows (lines A and B) running along t@xis,
to equilibrate the Coulombic force. The Ca atom coordinates

average structure are 2.48, 2.48, 2.47, 2.51, and 2.51 A for theWith three O atoms in the adjoining Coe@yer. As in Figure

bonds 1, 2, 3, 4, and 5, respectively. All the average values are
nearly equal to the value 2.49 A, which is estimated from the
summation of the effective ionic radii of Ca and OH1.12 A

for C&* (eight-fold coordination) and 1.37 A for OH(six-

fold coordinationf!

As shown in Figure 8 and Table 7, the-€@H bond lengths
modulate in the range of 1.94 | < 3.05 A for the bonds 1
and 2, 2.40< | < 2.60 A for bond 3, 2.41< | < 2.74 A for
bond 4, and 2.44 | < 2.58 A for bond 5. The amplitudes of
the bond-length waves, 3, 4, and 5, are ordinary. However, the
markedly large modulation was observed for bonds 1 and 2.
Both bonds 1 and 2 simultaneously take the considerably short
length att ~ 0.25. The short length is principally due to large
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9 and Table 7, the C&0 interatomic distance modulates. The
local structure, i.e., relative position between the Ca atom and
the three O atoms, varies from site to site because of the
incommensurability between the subsystem lattices. The modu-
lation ranges of the CaO interatomic distance are 2.5/ <

2.54 A for the first nearest neighbor (first NN) atom, 2.29

< 2.75 A for the second nearest neighbor (second NN) atom,
and 2.32< | < 3.18 A for the third nearest neighbor (third
NN) atom. The average distances are 2.36, 2.54, and 2.75 A

(28) Strictly speaking, the modulation function pfis approximately zero at
Xs1= 0.5 for the Ca atoms withk§1+na1, Xoo+N2p, Xo3+N23) and (—Xa1+n2y,
—XootNp2, —Xo3tNgg), and atxs; = 0.0 for the Co atoms withwgy+1/2+np1,
Xoo+1/2+4n35, X23+n23) and (—X21+l/2+n21, —Xoot1/241y,, —X23+r|23). This
takes into account the Ca-defect arrangement in Figures 15 and 16.
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Figure 13. Ca—Co and Ca-O distances plotted as a function of the fourth
superspace coordinatefor the average structure (broken lines) and the
modulated structure (solid lines) in (E€&0H)2CoO; (o0 = 0.57822).

for the first, second, and third NN atoms, respectively. The
distances of the first NN atoms are mostly shorter than the value
2.52 A, estimated from the summation of the effective ionic
radii of C&" and G~.2 This shortened distance suggests that
relatively tight intersubsystem chemical bonds are formed
between the Ca and the O atoms.

The structural modulation originates in the interaction between
the two subsystems. The €® and Ca-Co distance waves
are plotted as a function afin Figure 13. This figure enables

us to compare two cases for the average and modulated

structures. For the average structure, the-Oalistance changes
monotonously witht. In contrast, for the modulated structure,
the Ca-O distance tends to be maintained at a vatu2,5 A,
within the widet range 0.1 < t < 0.6) by the structure
modulation. It suggests that the modulation occurs in order to
maintain the appropriate length of the-6@ bonds in the many
parts of the crystal. The C&Co distances also exhibit the same
tendency. This analysis result indicates that the origin of the
modulation arises from the adjustment of the atomic bonding
between the subsystems.

Interatomic distances between the OH ions and the O ions
modulate, as shown in Figure 10. The modulation amplitude of
the first NN OH-O interatomic distances is 2.58 | < 3.01
A. These values are comparable to the hydrogen-bond distanc
of OH—O0, 2.72 A. The observed distances are shorter than the
typical hydrogen-bond distance, within the range o£Q <
0.35. This result suggests that the hydrogen bonds are expecte
to be formed at about 60%-(.35/0.57822) of all the OH sites.

In Figure 10, the first NN OHO distance becomes longest,
3.01 A, att = 0.46. This is due to the above-mentioned “most
deformed part”, where the hydrogen bonds cannot be formed.
It is expected that the role of the hydrogen bonds is atomic
bonding between the subsystems, such as theChonding.

OH

Co (hole-doped)

Figure 14. Typical example of the local structure around the hole-doped
Co site. The average coordinates of the center Co atom are (6.5, 0.5, 0).
The arrows indicate the direction of the deviation from the average position
for each atom.

Co atom. The local structure is symmetrical along #haxis.
The Co site is accompanied by a Ca atom directly below the
Co atom. Two OH ions adjacent along thexis approach the
Ca atom. The other two OH ions, adjacent along hkexis,

are significantly driven downward. This is the above-mentioned
“most deformed part”. The hole-doped Co@rtahedron adjoins
the “most deformed part”, but its effect on the hole doping is
not clear. It does not seem to be significant, since the lower
three Co-O bond lengths are not significantly affected by the
neighboring deformed part.

It is worth noting that the Co site is accompanied also by an
OH ion situated directly above the Co atom. The defect sites
are situated at both sides of the apical OH ion. The upper three
Co—0 bond lengths are shortened. This is presumably due to
the defect sites, because the upper O ions are free from the
Coulombic attractive force of the Ca ions, and the apical OH
ion can directly repulse the O ions downward without the Ca
ion being an obstacle. Therefore, the upper O ions approach
the Co atom, producing the shorter-€0 bonds. As a result,
the Co atom holds a high valence state. It seems that hole doping
into the Co sites is related to the Ca defects and that the structure
reflects this relationship through the modulation.

e

Concluding Remarks

The modulated structure of a new composite crystap gga
OH),,CoO, (o ~ 0.57822) was successfully determined using
synchrotron X-ray diffraction data, assuming the superspace
group C2/m(a.10)s0—C2;/m(ac=110). The periodic difference
between the [Cog) and the [2CagsOH] subsystems causes a
displacement of the atoms at all sites. In particular, a unique
structural modulation was found in the rock-salt-type §sa
OH double atomic layers. It was also found that the-Cobond

Strong intersubsystem interaction would be formed by the lengths are reduced due to the hole doping into the Co sites.
hydrogen bond. More sensitive measurements than powderThe hole doping level and degree of the potential modulation
X-ray diffraction are necessary for detecting the hydrogen bonds in the CoQ conduction layer for (GagsOH);.16C00; are almost
precisely. Spectroscopic methods such as Raman scattering, IRthe same as in the hole-doped misfit-layer compound({feaes
absorption spectroscopy, or NMR could be helpful for this Cuy35204]064C00.. The possible arrangement of the hole-doped
purpose. Co sites and the Ca-defect sites was determined by referring to

It may be of interest to consider the relationship between hole the bond-valence sum values at the Co sites and the occupation
doping into the Co sites and the Ca defect. The arrangement offactors at the Ca sites. The local structure around the hole-doped
the hole-doped Co sites and the Ca-defect sites are given inCo site revealed that potential distortion around the Ca-defect
Figure 11. It can be observed that the Ca defects are situatedsites may cause a reduction of the neighboring-Cobond
relatively close to the hole-doped Co sites. Figure 14 representsengths to facilitate the introduction of the holes into the Co
a local structure with atomic coordination around the hole-doped site.

J. AM. CHEM. SOC. = VOL. 129, NO. 47, 2007 14595



ARTICLES Isobe et al.

Acknowledgment. We thank Dr. Yamamoto of NIMS for  in part by the Superconducting Materials Research Project from
helpful advice on the crystal structure analysis and specializationthe Ministry of Education, Culture, Sports, Science and Tech-
of the analysis software, PREMOSRKVe also express sincere  nology of Japan, and by the Grants-in-Aid for Scientific
thanks to Dr. Nakazawa of NIMS for providing us with the Research from the Japan Society for the Promotion of Science

required beam time and the research facilities of BL15XU at (Grant No. 19560686), and by the Iketani Science and Technol-
SPring-8. We are deeply grateful to Dr. Katsuya of SPring-8 . )
Service Co., Ltd. for his kind technical assistance in the ogy Foundation, Tokyo, Japan (Grant No. 0191125-A).

synchrotron X-ray experiments. This research was supportedJA072052V

14596 J. AM. CHEM. SOC. = VOL. 129, NO. 47, 2007



