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The structure of 2H CuScO; has been refined from single-crystal X-ray diffraction data
obtained at room temperature and from neutron powder diffraction data obtained from 11
to 1206 K. Strong negative thermal expansion (—4.0 x 10°%/K) has been found for the
apparent Cu—0O bond length below 300 K. This is the first example of strong negative thermal
expansion in a metal oxide based on an O—M-—0 linkage instead of a M—O—M linkage. It
is now the transverse thermal motion of Cu, instead of the transverse thermal motion of
oxygen, that causes the negative thermal expansion. As expected for this mechanism for
negative thermal expansion, the thermal displacement parameter for Cu is very pronounced

perpendicular to the linear O—Cu—0 linkage.

Introduction

The delafossite structure (Figure 1) exists for large
families of CuMO; and AgMO, compounds where M is
a trivalent cation in octahedral coordination.! Depend-
ing on the stacking along the c direction, 2H or 3R forms
are observed. For the CuMO; series, M can range in size
from Al to La. Several years ago, CuMO, phases were
investigated as a possible route to superconductors.?3
In some CuMO, compounds the valency of Cu can be
adjusted from 1.0 to 2.33 by oxygen intercalation. The
copper atoms are in sheets as in all the cuprate
superconductors. Nonetheless, superconductivity has
never been found in any of these CuMO,, phases. More
recently, CuMO,-type phases have been of interest as
p-type transparent conductors.*~7 Transparent thin
films of CuScO,.« show a p-type conductivity of 30 S/cm
at room temperature.> We have been investigating the
structures of CuScO2x phases. Here, we report on the
structure of 2H CuScO, from 11 to 1206 K.

Experimental Section

Our synthesis method for 2H CuScO, free of the 3R form
has previously been reported.* Neutron powder diffraction data
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Figure 1. Delafossite structure. Small, dark atoms are Cu;
small, light atoms are Sc; large atoms are O.

were collected using the BT-1 32-counter high-resolution
diffractometer at the NIST Center for Neutron Research at
the National Institute of Standards and Technology. A Cu
(311) monochromator, yielding a wavelength of 1.5402(2) A,
was employed. Collimation of 15, 20", and 7' of arc were used
before and after the monochromator and after the sample,
respectively. Data were collected at room temperature over a
260 range of 3—168°. The sample was sealed in a vanadium
container of length 50 mm and diameter of 15.6 mm inside a
dry He-filled glovebox. A vacuum furnace was used for
measurements above room temperature, and a closed-cycle He
refrigerator was used for temperatures below room tempera-
ture. The data were corrected for absorption® and refined by
the Rietveld method using both Fullprof® and GSAS software.

Single crystals of 2H CuScO, were grown in a PbO flux in
a Cu crucible under Ar using a 2:1 PbO:CuScO; molar ratio.
The sample was heated at 323 K/h to 1223 K. The cooling rate
from this temperature was 275 K/h until 1093 K and then 303
K/h to room temperature. Single-crystal X-ray diffraction data
were obtained at room temperature on a Rigaku AFC6R
diffractometer with monochromatic Mo Ka radiation (1 =
0.71069 A). No decay in intensity was noted during data
collection. The observed intensities were corrected for Lorentz
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Figure 2. Observed (open circles), calculated (solid line), and difference profiles (below) for CuScO; at room temperature.

Table 1. Crystal Data and Structure Refinement for
CuScO; Single Crystal

Table 2. Anisotropic Displacement Parameters (A2 x 103)
for CuScO;2

space group P63/mmc

formula CuScO;

formula weight 140.50

temperature 290(2) K

wavelength 0.710693 A

unit cell dimensions a=3.215(1) A

c=11.386(1) A

volume 101.89(5) A3

z 2

density (calculated) 4.579 Mg/m3

absorption coefficient 13.357 mm~1

F(000) 132

crystal size 0.10 x 0.10 x 0.10 mm3

6 range for data collection 3.58—-49.99°

index ranges —-6=<h=<6,—6=<k=<6,
-1=<1=<24

reflections collected 2112

independent reflections 246 [R(int) = 0.0237]

completeness to § = 49.99° 91.9%

absorption correction

max. and min. transmission
refinement method
data/restraints/parameters
goodness-of-fit on F2

final R indices [I > 20(1)]

R indices (all data)
extinction coefficient
largest diff. peak and hole
z(0O)

empirical, Sortav as
programmed in WinGX
0.3622 and 0.7758

full-matrix least-squares on F2

246/0/9

1.255

R =0.0187, wR = 0.0351
R = 0.0235, wR = 0.0358
0.8(3)

0.955 and —1.999 e/A3
0.08928(7)

polarization and absorption. Data reduction was carried out
using a local program, capable of creating a data file containing
the crystal-dependent direction cosines of the diffracted and
reverse incident beam, for purposes of correction of absorption
anisotropy problems. Correction for the effects of absorption
anisotropy was carried out using the program SORTAV,! as
programmed in the software collection WinGX v1.64.02.%?
Structure solution was carried out using Patterson map
interpretation as programmed in SHELXS-90 and refined
using full-matrix least-squares refinement on F? using the
program SHELXL-97.13 Further data collection details are in
Table 1.

Results

The structure for 2H CuScO, is described in space
group P6s/mmc with Sc at 0 0 0, Cu at /3 ?/3 /4, and
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2 The anisotropic displacement factor exponent takes the form:
72n2[h2a*2U11 + ..+ 2hka*b*U12]. For all atoms U2, = Ujg, Upp
= 1/,Uy;, and Uy = Uz = 0. ° Bold values are from neutron
diffraction; others are from single-crystal X-ray diffraction.

oxygen at /3 2/3 z where z is ~0.09. Results of the single-
crystal refinement are in Tables 1 and 2. Rietveld
refinements of the neutron diffraction data at the
various temperatures gave Rp in the range 4.4—5.4,
Rwp 5.5-6.0, and %? 1.4—1.8. Le Bail fits to the same
data gave fit parameters about 10% better. A typical
plot of the observed and calculated intensities is given
in Figure 2. Refined thermal displacement factors are
plotted in Figure 3. All increase monotonically with
increasing temperature. The Uj; values for both Cu and
O become negative at the lowest temperatures. For
oxygen this can be ignored because the U;; values are
within a couple of standard deviations of zero. The
negative Ussz values for Cu cannot be ignored because
Uss for Cu has become 6 times the standard deviation
at the lowest temperature. This apparent failure of the
thermal ellipsoid model will be discussed later in this
paper. Within the thermal ellipsoid model we can
conclude that thermal motion along z becomes im-
measurably small at low temperatures for both Cu and
O.

In Figure 4 the unit cell edges and volume are plotted
vs temperature. The behavior exhibited by the a cell
edge can be considered typical thermal expansion
behavior. For the c cell edge, negative thermal expan-
sion occurs from 11 to 300 K. Above 300 K normal
positive thermal expansion is observed. The combined
effect of negative thermal expansion for ¢ and positive
thermal expansion for a yields a negative volume
expansion only below 50 K.

(13) Sheldrick, G. M. SHELX97 [Including the programs SHELXS97,
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Gottingen, Germany, 1998.



2604 Chem. Mater., Vol. 14, No. 6, 2002

0.070
0.060 + s Uy

0.050 - U
0.040{ * U3 Cu
.

0.030 -
0.020 4
0.010
0.000 4

-0.010 4

0.034 1
0.029
0.024 4
0.019 4
0.014 - Sc
0.009 -
0.004

Un and Uss (A%)

-0.001 -
0.029 4

0.024 -
0.019 -
0.014 - (0]
0.009 4 4

0.004 1

-0.001 -ak2" 7 T T i T
0 250 500 750 1000 1250 1500

Temperature (K)

Figure 3. Variation of thermal displacement factors with
temperature.

The cause of the negative thermal expansion of the c
cell edge is apparent in Figure 5. There is a strong
negative thermal expansion of the apparent Cu—0O bond
length from 11 to 300 K. This is for an O—Cu—0 linkage
parallel to the ¢ axis. Thermal expansion of the Sc—0O
bond vs temperature (Figure 5) can be considered
normal, and this is directly related to the thermal
expansion of the a cell edge. Figure 6 shows the Cu—
Cu distance vs temperature. This is also the value of
the Sc—Sc distance vs temperature. One of the O—0O
distances is the same as the Cu—Cu and Sc—Sc dis-
tances. This is an O—0O pair that does not define a
shared edge for the ScOg octahedra. The O—O distance
across the shared edge is considerably shorter (Figure
6), as expected. Bond angles vs temperature are given
in Figure 7. The O—Sc—0 angles are equivalent to the
Sc—0—Sc angle because of lattice symmetry.

Discussion

In recent years negative thermal expansion has been
found in many metal oxides.* The mechanism for this
unusual behavior is usually related to the transverse
thermal motion of oxygen in M—O—M linkages. Another
possibility for negative thermal expansion in an oxide
could be based on a cation in 2-fold coordination to
oxygen, that is, O—M—0 linkages. This cation coordina-
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Figure 4. Variation of unit cell edges and volume with
temperature.
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Figure 5. Variation of Cu—0O and Sc—0 bond lengths with
temperature.

tion is rare except for d10 cations such as Cu(l), Ag(l),
and Hg(ll). The structure of Cu,O contains linear
O—Cu—0 linkages, and the thermal expansion of Cu,0
below 323 K is negative but very low, —0.6 x 1078/K.15
Above 323 K the thermal expansion coefficient of Cu,O
is very low but positive, +0.25 x 10-%/K. The structure
of Ag0 is the same as Cu,0, thus again having the

(14) Sleight, A. W. Inorg. Chem. 1998, 37, 2854.

(15) Taylor, D. Br. Ceram. Trans. J. 1985, 84 (1), 9.
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cation in 2-fold linear coordination to oxygen. The
thermal expansion coefficient for Ag,O over the mea-
sured temperature range of 150—520 K is large, +39.4
x 107%/K.15 Therefore, having a cation in 2-fold linear
coordination does not necessarily lead to negative
thermal expansion.

In cubic Cu,0O the thermal expansion coefficient for
the Cu—O0O bond is the same as that for the unit cell
edges. Thus, the negative expansion for Cu,0, —0.6 x
1079/K, is much less pronounced than the negative
thermal expansion for the Cu—0 bond in CuScO; below
room temperature, —4.0 x 107%/K. Assuming interfer-
ence of the transverse thermal motion of Cu with its
Cu neighbors, the reason for this might be the much
larger Cu—Cu distance in CuScO,, 3.22 A, compared to
3.02 A in Cuy0. Apparently, there are no other mea-
surements of the Cu(l)-O bond thermal expansion
below room temperature. There is, however, a measure-
ment of the thermal expansion of the Cu(l)—O bond
above room temperature in CuAlO,.16 This expansion
in CUAIO; is 5.4 x 107%/K whereas itisonly 1.1 x 107%/
K in CuScO,. Brown et al.1” have pointed out that the
thermal expansion of the Cu—0O bond in CuAlO; is much
less than expected on the basis of bond valence consid-
erations. Thus, the thermal expansion of the Cu—0 bond
in CuScO, above room temperature can be considered
exceptionally low. Assuming that the low thermal
expansion of the apparent Cu—O distance is related to
the transverse thermal motion of Cu in the O—Cu—-0
linkage, we can again invoke interference with this
motion by neighboring Cu atoms. The Cu—Cu distance
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Figure 7. Variation of bond angles with temperature.

in CUAIO; is only 2.86 A compared to the 3.22-A value
in CuScO,. This is also consistent with the Cu Uj;
values from single-crystal X-ray diffraction at room
temperature. Our value for CuScO; (Table 2) is 2 times
greater than three published values for CuAlIO,.17719
Although the thermal expansion coefficient for the
Cu—0 bond below room temperature is —4.0 x 107%/K,
the thermal expansion of the c cell edge over this
temperature range is only —1.3 x 10-%/K because of
compensation by the positive thermal expansion of the
Sc—0 bond (Figure 5).

The negative Ussz values for Cu below room temper-
ature suggest that the thermal motion of Cu should be
described as a torus instead of a thermal ellipsoid. This
is a conclusion reached by other workers? in the case
of oxygen in Sc—O—W linkages in Sc,W3072, a com-
pound that we found exhibits negative thermal expan-
sion.?r We therefore explored a torus model for the
thermal motion of Cu. This was done by placing 3, 6, or
12 Cu atoms around the 6-fold axis and refining the
torus radius using an isotropic displacement parameter
for Cu. All three torus models and the ellipsoid model
gave essentially the same agreement factors at all
temperatures. The results are given in Figure 8 along

(18) Ishiguro, T.; Ishizawa, N.; Mizutani, N.; Kato, M. Acta Crys-
tallogr., Sect. B 1983, 39, 564.
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Figure 9. Partial view of CuScO; structure at room temper-
ature showing thermal ellipsoids.

with root-mean-square (rms) displacements calculated
from the thermal ellipsoid Uj; values. As might be
expected, the torus values are somewhat larger than the
rms values. Although we cannot distinguish between
the torus model and the thermal ellipsoid model on the
basis of agreement factors, the torus model is a physi-
cally reasonable model at all temperatures whereas the
Ussz parameter for Cu in the ellipsoid model is physically
impossible below room temperature. Even at room
temperature, the shape of the thermal ellipsoid for Cu
is extreme (Figure 9). The thermal motion of Cu
perpendicular to the O—Cu—0 linkage is not unusually
high, but the Cu motion along the Cu—0 bond is very
low.

Structural refinements of CuMO; delafossites based
on single-crystal X-ray diffraction data are available for
M = Al, Ga, Fe, Rh, Sc, and Y.17-19.22-25 gych studies
are also available for YBa,Cu306,2672° PrBa,Cuz0s,%°
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Figure 10. Cu—O bond distances vs temperature showing
riding model and torus model corrections.

PbCu,0,,3! Cus03,3? and Cu,0.2373% All of these com-
pounds have linear O—Cu(l)—0O linkages, and the Cu
thermal motion perpendicular to these linkages is
always considerably higher than that along the Cu—0O
bond. This is the expected behavior, but our attempts
to find a correlation of Uj; or Uq1/Uzz with Cu—Cu
distance or Cu—0 distance failed. This may in large part
simply reflect the unreliability of the U values from
routine X-ray diffraction studies. This problem is indi-
cated in Table 2 where our room temperature U values
obtained from powder neutron diffraction data are
significantly different from those found from our single-
crystal X-ray diffraction data.

It has long been recognized that apparent bond
lengths should be corrected for thermal motion, espe-
cially when the thermal motion is high. The most
conservative correction would be the correction assum-
ing a riding motion.3® The results of this correction are
shown in Figure 10. In this model the two oxygen atoms
of the O—Cu—0 linkage move in the same direction as
Cu when Cu is moving transverse to the O—Cu—-0
linkage. This correction alone is enough to completely
eliminate the negative thermal expansion behavior of
the Cu—0 bond. The correction based on the torus model
is much larger (Figure 10), mainly because the oxygen
atoms are considered to be stationary in this model. In
this model the thermal expansion of the Cu—0O bond is
+5.46 x 107%/K over a broad temperature range. This
is a very common thermal expansion for a metal—
oxygen bond distance.
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