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The CuO structure has been refined from time-of-flight neutron diffraction data collected at 11 K. 
Crystal data: C2/c, a = 4.6833(2) A, b = 3.4208(l) A, c = 5.1294(2) A, p = 99567(l)“, V = 81.031(7) 
A3. The Cu-0 distances are 1.951(l) and 1.961(l) 8, (each 2 X) with corresponding 0-Cu-0 angles of 
84.315(7)” and 95.685(7)“. Data for a mixture of AgO and Ag$O, were collected at 9 K. Crystal data 
for AgO: P2,lc, a = 5.8517(3) A, b = 3.4674(2) A, c = 5.4838(3) A, p = 107.663(3)“, V = 106.02(l) 
A). The formula for AgO is better written as Ag(I)Ag(III)O,. The Ag(II1) atoms are 4-coordinated: 
Ag-0 = 2.008(3) (2x) and 2.036(3) (2x), and the Ag(I) atoms are 2-coordinated by 0: Ag-0 = 2.147(3) 
(2x). A comparison of the CuO, AgO, PdO, and MgO structures is presented. o l!BOAcademic press, I I I C .  

Introduction 

The structure and properties of copper 
oxides are currently of considerable inter- 
est. CuO and AgO are known to have closely 
related structures of different symmetries at 
room temperature, but AgO is diamagnetic 
and CuO is reported to have somewhat un- 
usual antiferromagnetism. A weak specific 
heat anomaly in CuO at about 230 K is not 
reflected in any singularity in the magnetic 
properties. For these reasons, we consid- 
ered it valuable to refine the low-tempera- 
ture structures from available powder neu- 
tron diffraction data. 

The structure of CuO has been known at 
room temperature for considerable time (I), 

* To whom correspondence should be addressed. 

and accurate details have been worked out 
by Asbrink and Non-by (2). The structure 
is essentially a monoclinic distortion of the 
tetragonal PdO structure (3) which contains 
mutually perpendicular strings of edge-shar- 
ing MO, rectangles running along a and b. 
Magnetic susceptibility measurements (4) 
on CuO show that its susceptibility has a 
small constant positive value at low temper- 
atures (cl20 K) thereafter smoothly in- 
creasing to a broad maximum at 500-600 
K. Calorimetric measurements (5) show a 
broad but weak anomaly in the heat capacity 
at 230 K which has been interpreted (6) as 
an antiferromagnetic NCel point but the inte- 
grated peak corresponds to a AS of only 
about 0.3 JK-’ mol-I. This behavior is in 
contrast to other antiferromagnetic transi- 
tion metal monoxides such as MnO, FeO, 
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COO, and NiO, for which the temperatures 
of the specific heat anomaly and susceptibil- 
ity maximum closely coincide (7). 

AgO was originally thought to be isos- 
tructural with CuO, since both have similar 
monoclinic cells (8,9). The structure of AgO 
(which is better written as Ag(l)Ag(2)0,) 
was subsequently shown (10) to have lower 
symmetry (P2,lc instead of C2/c) and was 
proposed to be Ag(I)Ag(III)O,. This pro- 
posal is supported by a recent room-temper- 
ature X-ray structure refinement (II) and 
the observed diamagnetism (12). It was also 
observed (10) that the AgO structure is met- 
rically close to cubic so that a simple rela- 
tionship is metrically close to cubic so that 
a simple relationship to the rocksalt struc- 
ture of MgO (and other transition metal 
monoxides) should exist. 

We report here the low-temperature 
structures of AgO and CuO and compare 
them with the room temperature structures. 
We show how the structures of PdO, CuO, 
AgO, and MgO (which all have different 
symmetries) are related by simple topologi- 
cal transformations. We also report new 
magnetic data for CuO which confirm the 
absence of any singularities at the proposed 
NCel temperature. 

Experimental 

CUO 

The sample of CuO used for the neutron 
studies was purchased from Mattheson, 
Coleman, and Bell (>99.9%). The CuO for 
the magnetic studies was purchased from 
Baker (99.9%) and annealed in oxygen over- 
night at 500°C to eliminate the possibility of 
any hydrated oxide. The magnetic measure- 
ments were made on a SQUID constructed 
by the SHE corporation. Powder neutron 
diffraction data were collected on the Neu- 
tron Powder Diffractometer (NPD) at the 
Manuel Lujan, Jr. Neutron Scattering facil- 
ity at Los Alamos National Laboratory. 

Details of the data collection and struc- 

TABLE I 

NEUTRON DIFFRACTION DATA COLLECTION 
AND ANALYSIS 

Diffractometer NPD, Manuel Lujan. Jr. 
Neutron Scattering 
Center, + IS3 and 

+ 90 banks 
Scattering lengths 

(h in IO-‘” m) 
cu 7.72 
Ag 5.97 

0 5.81 
Refinement Rietveld technique (17): 

program GSAS (IX) 

Background Fourier series 

9-term for AgO/Ag$O, 
12.term for CuO 

Absorption 
Function minimized 
Peak shape 

Empirical formula t/Y. 20) 
CM. (I,, - I,)! 
Convolution of two 

back-to-back exponentials 
with a Gaussian (20 

ture refinement are given in Table I. The 
initial structural mode1 was obtained from 
the recent room-temperature, single-crystal 
refinement (2). Our refinement proceeded 
smoothly to a final reduced x2 of 2.16 with 
the conventional R,, = 0.097 and R, = 
0.070. The final profile fit is shown in Fig. 1. 
The final coordinates are given in Table II, 
and anisotropic thermal parameters are 
given in Table III. These are compared to 
the room-temperature, single-crystal study. 
The Cu-0 bond lengths are 1.95 l( 1) A and 
1.961(l) A (each 2 x), and the supplemen- 
tary 0-Cu-0 angles are 84.315(7)” and 
95.685(7)“. Structure amplitudes are depos- 
ited in Table IV.’ 

’ See NAPS document No. 04795 for II2 pages of 
supplementary material. Order from ASKS/NAPS. Mi- 
crofiche Publications, P. 0. Box 3513, Grand Central 
Station, New York, NY 10163. Remit in Advance $4.00 
for microfiche copy or for photocopy, $7.75 up to 20 

pages plus $0.30 for each additional page. All orders 
must be prepaid. Institutions and Organizations may 
order by purchase order. However, there is a billing 
and handling charge for this service of $15. Foreign 
orders add $4.50 for postage and handling, for the first 

20 pages, and $1.00 for additional IO pages of material, 
$I .50 for postage of any microfiche orders. 
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FIG. 1. Neutron diffraction profile fit for CuO (+ 148” detector bank). The data points are shown as 
‘ + ’ marks and the solid line is the calculated profile. The difference curve at the bottom is on the same 
scale. The background has been subtracted from the plot. 

No extra reflections (that might arise from 
a magnetic superstructure or from reduction 
in symmetry to P2,lc) or split peaks were 
detected. A published abstract of a talk (5) 
refers to the observation of a weak line at 
l/2 0 - l/2 (corresponding to a cell doubled 
in the a and c directions) ascribed to mag- 
netic ordering but this line (d = 5.78 A> 
falls outside the range of our measurements 
which were limited to 0.5 < d < 4.0 A. In 

TABLE I1 
POSITIONAL PARAMETERS” FOR CuO AT I I K 

Atom Site 

cu 4<, l/4 114 0 0.27 
[OS91 

0 4e 0 0.4179(2) l/4 0.34 
[0.418(l)] [0.751 

LI Space group C2/c. This study: a = 4.6833(2) A, b 
zz 3.4208(l) A, c = 5.1294(2) A, p = 99.567(l)“; Single- 
crystal study (2) at room temperature in brackets: a = 
4.6837(5) A, b = 3.4226(5) ii,, c = 5.1288(6) A, /3 = 
99.54(l)“. 

b ueqv is defined as l/3 the trace of the matrix of 
anisotropic coefficients. 

the time-of-flight instrument used, data for 
higher d spacings were not collected as suc- 
cessive pulses would then overlap. 

AgO 
The sample of AgO was prepared by re- 

acting aqueous AgNO, with K&O, at 90°C 
in dim light, using known methods (8, 9). 
Details of the data collection and analysis 
are the same as those for CuO. 

The presence of Ag,SO, in our neutron 
diffraction pattern indicates incomplete 
washing of the product (note that Ag,SO, is 

TABLE III 
ANISOTROPIC THERMAL PARAMETERS FOR 

CUO AT 11 Kn 

Atom Ull u22 u33 u12 Ul3 u23 

cu 17(2) 42(2) 27(2) ll(2) 12(l) 2(2) 
57~) W2) 45(2) 21(4) 13(l) 8(4) 

0 36W W3 17(3) 0 16(2) 0 
68(11) lll(13) 56(10) 0 30(9) 0 

li All values to be multiplied by 10e4 A*. The lower 
numbers are those determined from the room-tempera- 
ture study (2). 
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FIG. 2. Neutron diffraction profile fit for the AgO/Ag,SO, mixture (+ 148” detector bank). The upper 
tic marks are those denoting the Ag,S04 phase. 

only slightly soluble in cold water). Al- 
though the Ag,SO, could not be completely 
modeled, we believe our structure of AgO 
to be largely unaffected. The neutron dif- 
fraction profile fit is shown in Fig. 2, and the 
imperfect Ag,SO, structural model used in 
the multiphase refinement is given in Table 
VI. (An X-ray study of pure Ag,SO, was 
made, and neither the reported structure of 
Ag,SO, (23) nor that of Cu,SO, (14) satisfac- 
torily modeled the data.) The final statistical 
residuals are R,, = 0.050, R, = 0.033, and 

TABLE V 
POSITIONAL PARAMETERS” FOR AgO AT 9 K 

Atom Site .,- \ loo u,,,,” 

&z(l) 2a 0 0 0 0.13(5) 
[0.871 

Ag(3) 2d l/2 0 112 0.17(5) 
[1.83] 

0 4e 0.2949(3) 0.3470(5) 0.2187(4) O.lO(4) 
[0.2959(9) 0.345(2) 0.2221(9)] [1.26] 

u Space group P2,ic. This study: a = 5.8517(3) A, b = 
3.4674(2) A, c = 5.4838(3) A, p = 107.663(3)“; Single-cry@ 
study at room temperature (II) in brackets: a = 5.859(2) A, b 
= 3.484(l) A, c = 5.500(l) A, p = 107.51(2)“. 

b Cl,,, is given for the X-ray study and is defined as 113 the 
trace of the matrix of anisotropic coefficients. 

1x7 

reduced x2 = 2.00. Coordinates are given in 
Table V and compared to those derived from 
the single-crystal, room-temperature X-ray 
study. The Ag(III)-0 bond lengths are 
2.008(3) and 2.036(3) A (each 2 x ), and the 
Ag(I)-0 bond lengths are 2.147(3) and 
2.693(3) (each 2 x). The supplementary 
0-Ag(III)-0 angles are 88.55(6)” and 
91.45(6)“. 

The magnetic susceptibility of CuO as a 
function of temperature is shown in Fig. 3. 
The almost constant magnetization below 
130 K is confirmed as is the absence of any 
singularity at the supposed NCel tempera- 

TABLE VI 
POSITIONAL PARAMETERS’ FOR Ag,S04 AT 9 K 

Atom Site .v ? : I(M) K, 

& 1% 118 118 0.4437(4) 1.0(l) 
[0.450] 

S 8a l/8 118 l/8 -0.4(l) 
0 32h -0.0192(5) 0.0571(2) 0.2112(3) 0.89(7) 

LO.022 0.058 0.2081 

’ Spwx ,gwup F&/d. Thi: study: (I = 5.796Ot3) A. b = 
12.667Ot7)&.c~ = 10.2238(5!A;Previou\\t~ldyt/.ljinbr;~ckct\: 
(I - 5.X47 A. h = 12.659 A. <’ = IO.251 A. 
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Temperature (K) 

FIG. 3. Molar magnetic susceptibility of CuO as a 
function of temperature. The sample has been cor- 
rected for core diamagnetism (22). The open circles are 
data from (4), and the closed circles are those collected 
in this sutdy. The data differ by 2% at 250 K. 

ture of 230 K. The Curie tail at low tempera- 
tures is probably due to unpaired spins at 
the surface of the small particles. Prelimi- 
nary EPR results show peak shifts as the 
sample is cooled which would support the 
idea of weak magnetic ordering. AgO has a 
diamagnetic susceptibility at room tempera- 
ture of x = -0.155 X 1O-6 emu/g (-19.1 
x 10m6 emu/mole) (8, 15, 16). 

Discussion 

The CuO structure is built up of perpen- 
dicular strings of edge-sharing CuO, rectan- 
gles. AgO is closely related but concerted 
rotations of alternate 0, rectangles result in 
Ag atoms being alternately in rectangular 
and linear coordination. Crystal chemical 
reasoning and the observed diamagnetism 
suggest that the 2-coordinated Ag is Ag(1) 
and the 4-coordinated Ag is low-spin 
Ag(II1). The relationship between the two 
structures is illustrated in Fig. 4. Although 
only small displacements of 0 atoms are 

required to go from one structure to the 
other, the structures of each compound 
change remarkably little (other than an al- 
most uniform contraction) on going from 
room temperature to low temperature, sug- 
gesting that incipient soft mode behavior is 
unlikely. This does not of course rule out 
the possibility of such a mode contributing 
to the remarkable properties of the high- 
temperature copper oxide superconductors, 

The relationships between these struc- 
tures and those of PdO and MgO are also of 
interest. Figure 4 shows schematically how 
the mutually perpendicular paths of MO, 
groups in PdO are sheared to produce the 
CuO structure. If CuO had the PdO struc- 
ture (with a Cu-0 bond length of 1.955 A 
and c/a = 1.75 as in PdO) the next-nearest 
CJ neighbors of Cu would be eight at 3.53 
A. The shearing operation brings two next- 
nearest neighbors closer so that in the real 
CuO structure there are Cu-0 distances of 
1.95, 1.96, and 2.78 A (each 2 x). In AgO 
the corresponding distances are Ag(I)-0: 
2.15, 2.69, and 2.89 A (all 2x) and Ag 
(111)-O: 2.01,2.04, and 2.80 A (all 2 x). The 
figure also illustrates that continuing the op- 
eration on CuO will result finally in the MgO 
structure with six equidistant neighbors. 

MO 

FIG. 4. Transformation of the structure of AgO to 
that of CuO by rotation of alternate MO4 rectangles and 
further to the rocksalt structure or to the PdO structure 
by a shear. 
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TABLE VII 
COORDINATES OF 0 ATOMS AND UNIT CEI.I.S OF PdO, CuO. MgO. AND Ago” 

x Y Z ale blc P Space group 

PdO l/4 114 l/4 0.806 0.806 90 C4Jmcm (P4,lmmc) 
cue l/4 0.334 l/4 0.913 0.667 99.56 C2lc 
MgO l/4 II2 l/4 1.0 0.577 109.48 Fm3m 
AgO 0.273 0.353 0.218 1.067 0.632 107.66 P2,lc 

O1 Metal atoms at 0, 0, 0 and 112, 0, l/2. The symmetry operations of P2,lc [k(.x, y, z; x, l/2 - x, l/2 + z)] 
apply in each case. These make the metal atom positions face-centered. The origin has been shifted by 114, 
l/4. II4 from that in Table II for CuO. 

To compare the MgO structure to that of 
CuO we need to consider a monoclinic cell 
obtained from the cubic one by the transfor- 
mation (1 l/2 -1/2/O -l/2 -1/2/--l l/2 
- l/2). Table VII shows a comparison of the 
four structures with a common monoclinic 
cell. The position of CuO intermediate be- 
tween PdO and MgO is now clear. 

The inverse of the above transformation 
matrix is (l/2 0 - l/2/1/2 - 1 l/2/- l/2 - 1 
- l/2) and it is also revealing to apply this 
reverse transformation to the monoclinic 
cells of Table VII. The resulting cells are 
reported in Table VIII. The positions of the 
cations remain face centered (cubic for 
MgO). It is interesting that AgO is also very 
nearly cubic as was recognized by Scatturin 
(IO), but it should be noted that the cell is 
not strictly a unit cell in this case as it con- 
tains three of one kind of Ag and one of the 
second kind of Ag. Nevertheless it shows 
that the structure of AgO could be converted 

TABLE VIII 
ALTERNATIVE “UNIT CEI.LS” FOK PdO. CM). MgO. 

AND AgO 

ale blc a P Y 

PdO 0.623 1 77.09 82.39 97.61 
cue 0.804 1 85.69 86.41 93.59 
MgO 1 1 90 90 90 
AgO 0.950 1 88.00 92.71 87.29 

directly to that of MgO by a process that 
involved mainly small displacements of 0 
atoms. 
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No/c> tr&/ed br proof: Roden and co-workers verified 
the anomaly in the magnetic susceptibility at 230 K (23). 
Yang, Tranquada, and Shirane conducted constant- 
wavelength neutron diffraction experiments on CuO 
below its NCel temperature (24). They found several 
magnetic peaks which suggests a doublingofthe chemi- 
cal cell to accommodate antiferromagnetic ordering 
with spins along the [OIO] direction. 
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