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The YCuO, and LaCu0, delafossites consist of alternating triangular planes of Ln'* octahedra and
O-Cul*-0 sticks. Here it is shown that under a limited set of conditions they may be oxidized to
form new delafossite-derived phases YCu(0,5,,, 0 = x = 0.05, and LaCuOy;,,, 0.07 = x = 0.18,
Electron microscopy and powder X-ray diffraction are employed to characterize the resulting struc-
tures, Temperature-dependent resistivities and magnetic susceptibilities are reported. Characterization
by soft X-ray photoabsorbtion spectroscopy, which shows them to be electronically unlike cuprates

such as La,_,Sr,.CuQy, is also reported.

I. Introduction

The square planar CuQ, arrays in layered
copper oxides hold the as-yet-not-under-
stood key to the occurrence of high-7, su-
perconductivity. In this regard, many theo-
retical and experimental studies have
focused on the effects of hole doping on the
square, spin 3 Cu** (3d%) array, which is
antiferromagnetically ordered in, say,
La,Cu0,, when no holes are present, due
1o interplane interactions. Triangular plane
lattices of spin &+ Cw?*, on the other hand,
have not been studied. Such a system is
expected to display novel magnetic collec-
tive phenomena arising from geometrical
frustration of the antiferromagnetic bonds.
Doping such a lattice with holes is of addi-
tional interest both to compare to the copper
oxide superconductors and to test ideas of
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spin—charge dynamics in complex systems
of low dimension.

Here we report the details of a study in
which we have found that YCuQ, and
LaCuO, delafossites can accommodate ex-
cess oxygen at low temperatures and remain
stable, with the Cu'* normally present be-
coming oxidized to copper valences in ex-
cess of two. The copper-oxygen array is
a triangular plane lattice. In the LaCuQ,.,
case, the maximum formal oxtdation state
of Cu is 24, resulting in one hole per three
lattice sites. Previous studies of LnCuQO, de-
lafossites showed the effects of frustration
of the magnetic moments on triangular La
lattice (Cu'~ is 34'° and nonmagnetic) as a
lowering of the collective ordering tempera-
ture to well below the Curie-Weiss constant
(7). This report highlights the synthesis and
structural characterization of the new
YCuO, s, and LaCuO, ., phases; physical
properties, briefly described here, will be
treated in more detail elsewhere.

The delafossite (CuFe(Q,) crystal struc-
ture is known for a variety of transition
metal oxides. The basic formula is
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FiG. 1. The layered crystal structure of 3R LaCu0,,
showing LaQ; octahedra and O~Cu-0 sticks,

A" B**Q,, with A'" in a linear stick coordi-
nation with oxygen, and B*" in octahedral
coordination (see, for instance, 2-7). The
crystal structure is shown in two projections
in Figs. 1 and 2 for the example of LaCuO,.
The LaQ; octahedra share edges to form a
triangular plane analogous to what is ob-
served in octahedrally coordinated transi-
tion metal dichalcogenides (such as TiS;)
with the Cdl, structure. The oxygens on the
surface of this plane serve as the coordinat-
ing atoms for the planes of Cu'* atoms,
which alternate with the planes of LaOg oc-
tahedra. The elementary structural unit is
the [(La(,)-Cu~] doubie layer, which has
a dimension perpendicular to the plane of
5-6 A. The manner in which these double
layers are stacked (there are several choices
of O at the bottom of one double layer for
Cu at the top of the neighboring double layer
to bond to) is different in different materials,
giving rise to a variety of delafossite poly-
types. LaCuQ,, for instance (5), has the 3R
polytype in which three double layers are
stacked before the pattern is repeated. The
cell is rhombohedral, R3m,a = 3.83, ¢ =
17.10 A (=3 x 6). Many compounds show
the 2H polytype, which has been reported
for YCuO, (6). There are then two elemen-
tary double layers per cell, with symmetry
P6,/mmc, and, for instance a = 3.52, ¢ =
11.42 (=2 x 6) for YCuO,. Higher polytypes
such as 6H have been reported (6). Neigh-
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boring Cu layers are separated by 5-6 A
along ¢ and are always staggered such that
the Cu next layer neighbors are never di-
rectly above or below.

No delafossites were previously known
to allow intercalation of oxygen. For dela-
fossites of the type ABO,, where both A
and B are transition metals, the A'* inplane
separation is 3 A or less, too small to allow
oxygen insertion. For YCuO, and LaCu0O,,
however, the ¢ = 3.52 and ¢ = 3.83 dimen-
sions suggest that the Cu'* plane is very
similar to that known to intercalate oxygen,
say in Ba,YCu,0,, except with a different
geometry (Fig. 2). The Cu!* plane in
LaCuQ,, for instance, is a triangular lattice
with Cu~Cu separation of 3.82 A, compared
with the Cu'* plane in Ba,YCu,04, which is
a square lattice with Cu—Cu separation of
3.86 A. For both Y-Cu-O and La~Cu-0,
however, stable compounds for Cu" are
known (Y,Cu,0; and La,Cu,0;), suggesting
that oxidation of the delafossites without
decomposition to the stable phases might be
successful only at low temperatures.

Cu e
la @ z=1/®

o} z=0M1 O z=0.22

FiG. 2. A partial projection of the LaCu(, structure
into the hexagonal plane. Shown are one layer of LaQy
actahedra with triangular copper layers in the plane
above (small black circles) and the plane below (small
open circles). Note that the triangular Cu positions are
not in registry from one layer to the next.

Z=0 O

z=1/3
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1I. Synthesis

a. YCuO,, LaCu0,, and ¥,_,Ca,Cu0,

Synthesis of polycrystalline single phase
YCuQ, was relatively straightforward, but
different conditions yietded materials of dif-
ferent structural quality. As a common first
step, Y,Cw,O; was synthesized from
Y,0, + CuQ, fired in air at 1000 and 1100°C
for several days with intermediate grind-
ings. Reaction was continued until the prod-
uct was perfect single phase Y,Cu,Os by
powder X-ray diffraction. Samples were
pressed into pellets for the final air firing
step. These fired pellets were then inserted
into a cold standard ceramic tube furnace
and heated under flowing N, (60 ppm O, 200
cm®/min) at 1125°C for 16 hr. Samples were
heated and cooled to room temperature in
the gas stream. This reproducibly yielded
YCuQ,. Both powder X-ray diffraction and
electron microscopy of this product showed
it to be a highly defective microscopic mix-
ture of the delafossite polytypes 2H, 3R, and
6H. Excellent quality 2H polytype material
could be obtained by a slightly different
route: the single phase Y,Cu,0; pellets were
baried in powder of the same composition,
put in Al,O, crucibles, and annealed at
1075°C in flowing N, for 40 hr (heating and
cooling in the N, stream). A thin layer of
Y,0, often formed on the pellets, which was
removed by sandpapering. To obtain high-
purity powdered 2H YCuQ,, 2.5% excess
CuO is included in the original Y,Cu,0s
preparation. The 1075°C, 40 hr N, treatment
is executed as described, and the resulting
pellets are then pulverized and washed in
stirred NH,OH overnight at ambient tem-
perature, dissolving any unreacted or ex-
cess Cu,0, The oxygen content for both
preparation methods was found to be 2.00/
F.U. (formula unit) by measuring the weight
loss incurred on reductive decomposition to
Y,0; + 2Cu (metal) in flowing 85% N,—15%
H, in a commercial TGA.

Synthesis of single-phase LaCuQ, was
considerably more difficult. We could not
find conditions under which a single-phase
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La,Cu,0; precursor could be reduced di-
rectly to LaCuQ,. Of the many methods
tried, only the following route yielded high-
quality single-phase LaCuO, reproducibly.
Freshly dried La,0, (1000°C, air, I hr) was
mixed with Cu,O (commercial, analyzed for
O:Cu ratio) stoichiometrically in 12-g
batches and ground mechanically for I hr
under N,. Three i-in. thick 3-in.-diameter
pellets were pressed and buried in the re-
maining powder in a high-density Ail,O; cyl-
inder of § in. diameter and covered. That
cylinder was then placed insider a larger
uncovered Al,O; crucible in which four 1 x
Lin, strips of Zr foil were placed. Two of
these batches were fired simultaneously in
a single ceramic tube furnace (3 in. diame-
ter, 36 in. long) under flowing N, (200
cm?min). All this trouble was necessary to
prevent even trace amounts of O, from get-
ting to the sample pellets, which resulted in
the formation of La,CuQ, impurity. Sam-
ples were slowly heated (100°hr) to 1000°C,
left for 32 hr, and then cooled 1o room tem-
perature under N, before being removed.
Onygen content of the single phase LaCu0,
ceramic pellets was found to be 2.00/F.U.
by measuring the weight loss incarred on
reductive decomposition to La,0; + 2Cu
{metal) in flowing 85% N,~15% H, in a com-
mercial TGA.

One method that might be expected to
succeed in doping YCuQ,, . with holes is
a partial substitution of Ca®* for Y**, as
commonly is done for superconducting cop-
per oxides. We did in fact succeed in
synthesizing delafossites  Y,_,.Ca Cu0,
for x = 0.10 by a method similar to that
employed to synthesize YCu0O,. First,
Y;_,.Ca, Cu,O; was synthesized from
Y,0,, CaCO,, and CuO by heating in air at
1000 and 1100°C, again with the final air
firing in pellet form (x = Q.05 is single phase,
but for x = 0.10 the precursor is multt-
phase). These pellets were then fired in
flowing W, in the ceramic tube furnace for
a period of 48 hr and cooled in the N, flow
to room temperature before removal. Firing
temperatures between 975 and 1025°C



440 CAVA ET AL.
105 T T g T T T doped material, shown, for example, in Fig.
sl YCLOz ol __jiCuEOﬁ 4for Y 45Cag 4sCu0, 4. Oxygen uptake does
delatossits | ppsarance not become rapid until 400°C (perhaps due
7 100 P to pellet density), and a constant oxygen

I~ Y¥9CuxOg S -
bt stoichiometry plateau is reached between
2 02l Heating YG 500 and 600°C. The oxygen content in this
s fnac':"gwnfifz case reaches a maximum of 2.50/F.U.,
101 |- ¥ = yielding a formal oxidation of Cu'* to
YCuO, 1 1 Cu?%+, Qvernight heating of polycrystal-
L 1 ! . -

1%y 200 400 600 goo  line pellets of Y :Cag45Cu0, 5 in O, at
T(°C) 500°C reproducibly yields final stoichiomet-

FiG. 3. Change in weight of a polycrystalline peilet
of YCuO, in 2 commercial TGA on heating in O, at

1°/min to BO0°C. The delafossite crystal structure is

maintained to approximately 550°C.

were successful in synthesis of single-
phase material. The oxygen content of
Y .05Caag osCu0, , ; measured by the decom-
position method was 2.05 per formula unit.
We could find no synthetic conditions by
which even 5% of the La in LaCuQ, could
be replaced by Ca or Sr.

b. Oxidation of YCuO, and Y,_,Ca,Cu0,

When YCuQ, is heated slowly at low tem-
peratures in O, it gains weight dramatically,
beginning at about 200°C and reaching
a maximum weight at approximately
425-450°C, as shown in Fig. 3. On heating
to temperatures of 550°C and above some
weight is lost. X-ray diffraction indicates the
disappearance of the delafossite phase for
oxygen treatments above approximately
550°C and the formation of the stable phase
Y,Cu,05. At a temperature of 450°C the de-
lafossite structure is maintained, with a
greatly increased oxygen content, at
Y CuQ, 5. The formal valence of copper has
increased from 1% to 2.17. Overnight heat-
ing of polycrystalline pellets of YCuO, in
O, at temperatures of 450°C reproducibly
yields final stoichiometries of YCuO,
(%0.01) and single-phase delafossite struc-
ture material. The structural changes which
occur during oxidation are described in a
subsequent section.

Similar results are obtained for the Ca

ries of 2.50 oxygen per formula unit and
single-phase delafossite structure-type ma-
terial. Oxidation of Y;,Cay ,CuO, in the
same manner yielded Y, ,Ca, ,CuO, 4.

c. Oxidation of LaCu0,

Oxidation of the LaCuO, delafossite is
similar to that of YCuO, but is more compli-
cated. Representative datafor a polycrystal-
line peliet heated in O, in a commercial TGA
at 1°min to 1000°C are shown in Fig. 5.
The onset of rapid weight gain is 300°C. On
continued heating, the weight gain contin-
ues at a slower rate until a temperature of
approximately 500°C is reached where a se-
ries of weight losses occurs on heating to
higher temperatures. By 300°C, X-ray dif-
fraction and TGA resuits show that the
phases present are La,CuQ, + CuO. At the
maximum weight an oxygen stoichiometry

105 T T T
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104 |- Heating ¥y gCag 1CUUg
- Y0.95C8,05C40205 [ Ygg5Ca0 50Uz 5
® 103 - in Q,, 1%/min ! =
= delafossite | Appearancel
® 102} oo il
3 ¥'y.5Ca5,10u05

101 | 7

“0.95C86 05CU0; o5
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Fi1c. 4. Change in weight of a polycrystalline piece
of Yy4sCagesCu0, s in a commercial TGA on heating
in O, at 1°/min to 800°C. The delafossite crystal struc-
ture is maintained to approximately 600°C,
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FiG. 5. Change in weight of a polycrystalline piece
of LaCu0, in a commercial TGA on heating in O, at
1°/min to 1000°C.

of LaCu0, ¢, (=0.01) is obtained, yiclding
considerably higher formal copper valence
than is possible in the YCu(, oxidation.
Due to the complex oxidation and reduc-
tion suggested by Fig. 5, further oxidation
experiments were performed on LaCuO,,
Pieces of a polycrystalline pellet were
heated at a fixed temperature for 16 hr in
O, at temperatures between 450 and 660°C,
Weight change was measured to determine
the oxygen stoichiometry, and powder
X-ray diffraction was employed to deter-
mine the phase assemblages. The results are
summarized in Fig. 6. Delafossite structure
material near stoichiometry LaCu0O, . is ob-

(A e B Y
Oxidation of
|‘ | LaCuC,
265 - | ' heated in O,
I
* [ 16 hrs.
3 P
H 260k ! : >
5 delafossite
2.55 L -1
LagCu0y,, —like  LagCuly,;
+7 + CuQ
250 L 1 | | 1
450 500 550 600 650
T(°C}

Fic. 6. Oxidatton of LaCu(Q, heated isothermally
in O, for 16 hr. X-ray diffraction results on products
also shown,
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FiG. 7. Weight loss of LaCu0, ¢ delafossite (made
by heating LaCuO, at 450°C in O, for 16 hr) on heating
in a mixture of 85% N, 15% H, at 5%/min. Decomposi-
tion to La,0; + Cu allows determination of oxygen
content of original material at 2.65/F.U,

tained at temperatures 450—-475°C. At 475°C
the diffraction pattern begins to show broad-
ening of the peaks, suggesting the beginning
of decomposition. At 500°C the delafossite
related phase has clearly decomposed and
other phases of poor crystallinity are pres-
ent, which we could not identify. By 525°C
the phase assemblage appears to be domi-
nated by an La,Cu0O, , ; related phase which
at first is poorly crystallized but becomes
well formed by 650°C. The implied composi-
tion of this phase at 650°C is La,Cu(), g,
and it is mixed with CuQ. This oxygen ex-
cess 2:1 phase then decomposes to
L.a,CuO, at approximately 725°C, as shown
in Fig. 5. Based on these results, the optimal
oxidation temperature for LaCu(Q, for ob-
taining the oxidized delafossite phase is
450°C, yielding stoichiometries of LaCu(Q;
(+=0.01) in 16-hr treatments. Copper has
been formally oxidized from 17 to 2,32,
As is commonly done for superconduct-
ing copper oxides, oxygen content of the
oxidized delafossites can be measured by
reductive decomposition on heating in an
H,/N, mixture. Representative results for a
sample of LaCuO, which had been heated
for 16 hr in O, at 450°C are shown in Fig.
7. Decomposition to 3 La,O; + Cu allows
determination of the oxygen content in the
original single-phase delafossite to be
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LaCuO, . (+0.01 O/F.U.). Note the begin-
ning of the weight loss is at very low temper-
atures, 300-400°C.

Finally, we attempted to increase the oxy-
gen content of 1.aCu(}, , prepared in O, at
450°C to higher values by heating at higher
oxygen pressure. Heating at 400°C in 30 atm
(3, pressure for 16 hr resulted in an oxygen
uptake of only 0.02 (x0.01) O/F.U. The
powder X-ray diffraction lines were sharp-
ened, suggesting improved oxygen homoge-
neity over the 1 atm O, treatment.

d. Oxygen Remouval from YCuO,; s

Oxidation of YCuGQ, overnight at temper-
atures of 500°C and below always yielded
final oxygen contents greater than 2.50,
therefore yielding formal copper valences in
excess of 2.67. In order to study the physi-
cal properties of the spin # triangular lattice,
a Cu valence of 2.00 is needed {oxygen con-
tent 2.50 per formula unit) and so we devised
a method for removal of oxygen from
YCuG; 5. The method employed was Zr-
gettered annealing, which has yielded high-
quality samples of Ba,YCu;0;_, (). In this
method, small pieces of polycrystalline pel-
lets of YCuQ, . were placed in a seated
evacuated quartz tube with different
amounts of Zr foil and heated isothermally.
It was found that an annealing temperature
of 440°C for a period of 3 nights gave satis-
factory results, The oxygen content of the
final product is determined by careful mea-
surement of the weight loss (£.00001 g)
after treatment. Results from one particular
annealing run are presented in Table 1. For
the present materials, general reproducibil-
ity of oxygen content from run to run under
the same conditions was =0.01 O/F.U. Re-
producible behavior depends on factors
such as Zr foil cleanliness and placement
{a i{-in. quartz spacer was used to prevent
Zr—sample contact), pellet porosity, and
thermal gradients in the annealing furnace.

For both the La and Y delafossites, there
are large changes in crystallographic cell
volume in oxidation. It therefore is not clear
whether LnCu(Q,, . will be a solid solution

CAVA ET AL.

TABLE I

OXYGEN REMOVAL FROM YCuO, 55 aNp LaCu)y g
BY Zr-GETTERED ANNEALING

Sample Final
No. Zr weight (g) YCu0, X ray
a. YCuQ, i from 500°C O, oxidation
0 0.35 2.54 Single phase
3 0.24 2.51 Single phase
1 0.24 2.45 2,50 + 2,00
2 0.24 2.37 2,50 + 2,00
3 0.24 2.30 2.50 + 2,00

Anneal: 440°C, 3 nights

b. LaCu(), , from 425°C O, oxidation

3 .B7 2.59 Single phase
5 91 2.57 Single phase
7 97 2.56 Single phase
10 98 2.52 Single phase?
13 1.0t 2.48 Decompaosition
16 1.09 2.47 Decomposition

Anneal: 420°C, overnight

Note. Size of Zrstrips: $in. x l4in. size of evacuated
quariz tubes: 10 mm 1D, 6 in. length.

for all x or wiil be a two-phase mixture at
intermediate x values. Powder X-ray dif-
fraction measurements of the Zr-gettered
samples showed the existence of two dis-
tinct phases for YCuQ,,  for 0 < x < 2.50.
The oxidized delafossite was only single
phase between YCuO,;—~YCuO,s. At
lower total exygen content, ¢.g., YCuQ, .,
materials were a mixture of YCu0Q, 5, and
YCuO, 5, with YCuO,  increasing in pro-
portion as the total oxygen content de-
creased toward two.

e. Oxygen Remouval from LaCuQ, g,

As for YCuO,, oxidation of LaCu(Q, al-
ways yielded oxygen contents in excess of
2.50 per formula unit and therefore resulted
in formal copper valences greater than
Cu?*. Oxidation of LaCuQ, at temperatures
between 425 and 450°C in O, overnight
yielded oxygen  contents  between
LaCu0, ¢—LaCu(, . Removal of oxygen
from this phase was a considerably more
delicate process than for YCuO, ¢ as it is
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much less stable under all conditions than
its Y counterpart. To avoid decomposition
on oxygen removal, the Zr-gettered anneal-
ing had to be performed at lower tem-
peratures and for shorter times than for
YCuO, ;. Satisfactory results were ob-
tained at 400-420°C in overnight treatments,
Higher temperatures resulted in decomposi-
tion, and at lower temperatures the 7r foil
was, not active enough to remove oxygen
from the samples. Results from one oxygen
removal run are presented in Table I, for
starting material of compaosition LaCu0, .
Again, reproducibility from run to run is
=0,01 oxygen per formula unit.

Determination of the oxygen-content sta-
bility of oxidized LaCu0Q,, , delafossite was
not as straightforward as in the YCuG,,,
case. At total oxygen contents of 2.48 and
below, the delafossite phase is decomposed
under our pettering conditions: 3R LaCu0,
is not the phase that grows in for oxygen
contents decreasing toward 2.0 per formula
unit. Although that is clear in the powder
diffraction, at inlermediate oxygen con-
tents, LaCuQ, ;-~LaCu0, 5, there may be
a poorly crystallized or amorphous phase
present which contributes only to the back-
ground of the powder diffraction pattern,
Including the data from the 30 atm O, treat-
ment, the oxidized LaCuO,,, delafossite
appears to exist as single-phase material
from LaCuQ, ¢ down to approximately La
CuQ, ;. The lower oxygen content limit
must be regarded as tentative, but this con-
clusion is consistent with magnetic and
spectroscopic results to be reported in a sub-
sequent section. If the minimum oxygen
content is indeed 2.57, then the LaCuQ,,
delafossite cannot be reduced to a state
which allows the study of Cu* in a triangu-
lar lattice of equivalent dimension to that of
square-lattice copper oxides.

II1. Structural Characterization

a. Electron Microscopy

Thin specimens for electron microscopy
were obtained by crushing polycrystalline
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pellets and mounting the ¢rystal fragments
on a Cu grid covered with a carbon coated
holey film. Electron microscopy was per-
formed with a Phillips CM30ST electron mi-
croscope operating at 300 kV and equipped
with a side-entry 25°/25° tilt specimen
holder. Electron diffraction and high-
resolution electron microscopy (HREM)
were carried out with a number of crystal-
lites of several batches of the composi-
tions YCuO,, Y,4CagqCuy; LaCuO,,
YCu0O, 4, YCuO,s;, LaCu0, ; and Yo
Cag 4sCu0; 5.

Electron diffraction showed that the unit
cells of the compounds YCuO,, Y 4Caggs
Cu0,, and LaCuO, were ail hexagonal with
an o axis of approximately 3.5-3.8 A, but
the ¢ axis was observed to be variable in
length, indicating a variation in the stacking
along the ¢ axis, e.g., the mixing of different
polytypes. This stacking, especially for
YCuQ,, was found to vary from sample to
sampie, and even from crystal fragment to
crystal fragment within one batch. The den-
sity of stacking defects was compatible with
the results obtained from X-ray powder dif-
fraction: in the cases where a batch showed
a clear single phase diffraction pattern the
amount of other types of stacking present
was found to be relatively small.

All the oxidized delafossites were found
to have superstructures. YCuQO, ., adopts an
orthorhombic 2a,aV3,c  superstructure.
YCuQ, 5, shows a more complicated diffrac-
tion pattern, which indicates a mixture of
2a,a\/§,c and a\/g,a\/g,c superstructures
and regions having no superstructure. In
Fig. 8b the [010], of YCuQ, s is shown,
which should be compared with the [ - 110],,
diffraction pattern of the basic structure
(Fig. 8a). The t010], diffraction pattern has
systematic absences for A0l 4 + | # 2n.
The reflections with # = 2n are all sharp
but the reflections with i # 25 are elongated
along ¢*. In some crystallites rather weak
extra spots were visible corresponding to
the diffraction pattern of an aV/3,a\/3.c su-
perstructure, but in all investigated crystal-
lites the intensities of the 2a,aV3,¢ super-
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FiG. 8. Electron diffraction patterns of {a) YCuQ,, (b} YCuO, s, (¢} LaCuOs ¢ and {d) Yy45Caq4s
Cu, 5. YCuO; like Y 45Ca,¢sCu0; and LaCu0; shows no superstructure, whereas all oxidized com-
pounds adopt superstructures. Y CuQ, 5s adopts an orthorhombic unit cell of 2a,aV/3,c. Yy 5:Cayg sCu0s 5
and LaCuQ,4; have an aV3,aV3,c superstructure. Not all superstructure reflections are sharp, as
can be seen from (b}, (¢), and (d).

structure were much stronger. LaCuO,
and Y, 4Cag sCu0; s have, in the first ap-
proximation, a similar type of superstruc-
ture: aV'3,aV/3,¢, as can be seen from Figs.
8c and 8d, but they differ in symmetry and

in diffuse scattering. Figures 8c and 8d show
the [ —120], diffraction pattern which can
be compared with the [— 110}, diffraction
patiern of the basic unit cell (Fig. 8a), La
Cu0; s has systematic absences for A0/ with
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FiG. 9. {010) high-resolution micrograph of YCuO, (prepared a1 1125°C for 16 hr in N,) showing a
typical example of the variation in the stacking which can be observed in specimens which have a
complex X-ray diffraction pattern. Deviations from a cubic stacking along the ¢ axis (running in
perpendicular direction) are indicated by arrows. Y and Cu atoms are imaged as black dots in the

thin part of the crystal (left).

{#2mifh =3nand{ = 2nif h # 3n for
the sharp reflections whereas these condi-
tions are reverse for the reflections which
are streaked along ¢*. Taking the same basic
unit cell, the systematic absences for
Y.5sCag 0sCu0, s are A0 with [ 7 2nith = 3n
and { = 2nif h # 3n for the sharp reflections.
Streaking occurs along the [100], direction
and alternatingly away and toward the row
A0 with A = 3nfor! = 2nand { # 2nrespec-
tively,

HREM was carried out on the same sam-
ples investigated by clectron diffraction.
The fraction of stacking defects observed
was in agreement with the intensity of the
streaking in the electron diffraction pat-
terns. Figure 9 shows an example of the
large fraction of stacking defects which can
occur, taken from a sample of YCuO, syn-

thesized at 1125°C in N, for 16 hr. Regions
of 21, 3R, and 6H stacking are seen. The
fraction and type of stacking defect present
is dependent on both the composition and
synthetic conditions of the delafossite
phase. A more extensive HREM investiga-
tion will be published elsewhere.

b. Powder X-ray Diffraction

Samples of the reduced and oxidized dela-
fossites were analyzed by conventional
powder X-ray diffraction (CuKe radiation,
#-20 scans). Powder X-ray patterns for 3R
LaCu0,, ¢ = 3.83 ¢ = 17.10, and 2H
Y 95Ca9 0sCu0, 45, a = 3.525, ¢ = 11.43, are
shown in Figs. 10 and 11. The pattern {and
cell parameters) for pure 2H YCuQ,,,
when prepared as described, are virtually
identical to that of Y 4;Cag 4sCu0, 45 and so
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Intensity

Cu ka
{x=LaCul;g,)

015

35 40 45 50 55
28, degrees

Fig. 10. Powder X-ray diffraction pattern for 3R
LaCuQ,;.

are not shown. The unit cell parameters are
in excellent agreement with those in the lit-
erature. For LaCuQO,, small peaks (marked
with an x in Fig. {0) are often observed
corresponding to the strongest peaks in the
oxidized delafossite LaCuQ, ¢s: the oxidized
phase occurs on the surface of the pellets.
Note that reflections Y, ¢sCay 0sCuO, s have
different widths dependent on their index.
This is due to the fact that the stacking faults
of different polytypes affect the peak widths
differently: in general the 10/ reflections are
the broadest. For samples of YCuO, in
which significant regions of 3R stacking are

004 102T

Yo0.35520 05CuOz05 101
a=13525

ob2 c=11.43 100,
2H

Intensity

29, degrees

Fi1G. 11. Powder X-ray diffraction pattern for 2H
Y4.05Cay 5Cu0, g5; the pattern for 2H YCuO, is virtually
identical to this one.
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101]| 004 102
Yo.95C20.0sCu02 50 100
a=v3x3.575
c=11.23
002 2H

Intensity

Cu Ka
subcell indexing

104
103

35 40 45
20, degreas

FiG. 12, Powder X-ray diffraction pattern for the
oxidized delafossite Y;y:Cay ¢sCu0; 5.

observed in the TEM (see Fig. 9), a strong,
broad, 3R 102 reflection is observed in the
powder X-ray pattern, with ¢ = 2 * 11,43,

Powder X-ray diffraction patterns for
three oxidized delafossites are shown in
Figs. 12, 13, and 14. For Y ¢;Ca, (sCu0;
electron microscopy shows very good 2/
stacking with a V3 superlattice in the basal
plane such that the true cell is hexagonal
with @’ = V3:3.575, ¢ = 11.23. Figure 12
shows the good crystalline quality of the
oxidized phase and also that none of the
superlattice peaks due to oxygen ordering
are visible in the general X-ray scan. For

122

Intensity

20, degrees

FiG. 13. Powder X-ray diffraction pattern for the
oxidized delafossite YCuO, 5. The peak marked 3R is
the strongest peak of the 3R polytype.
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LaCu0s g4
a=y3x3.855
¢=10.71

2H

Intensity

Cu Ka
() = subcell
indexing

[ 1
35 40 45 50 55

20, deqrees

FiG. 14. Powder X-ray diffraction pattern for the
oxidized delafossite LaCuQ;g,.

YCuO, ss, electron microscopy again shows
good 2H stacking, but now shows an ortho-
rhombic distortion of the supercell: with
b =2a =7.14,a" = V3a = 6.18 in the
basal plane (¢ = 3.568)and ¢’ = ¢ = 1.22
estimated from the powder X-ray diffraction
pattern. A few superlattice peaks are visible
in the general X-ray scan, Fig. 13. The rela-
tively farge width of the 102 subcell reflec-
tion (compare to Fig. 12) shows the presence
of stacking faults in YCuO, 5 and the small
peak marked in Fig. 13 is the strongest re-
flection from the well-crystallized regions of
3R polytype.

For LaCu0, ., TEM shows a 2H stacking
with a strong V3a superlattice in the basal
plane. From the powder X-ray diffraction
pattern (Fig. 14) the unit-cell dimensions are
estimated to be a’ = V3:3.855 = 6.677,
¢ = 10.71. The polytype stacking has
changed from 3R to 2H during oxidation.
For this material, several superlattice peaks
are easily visible in the general powder
X-ray scan. Note, surprisingly, that the
¢-axis length for 2H LaCuO, ¢, 10.71 A, is
considerably shorter than that for 2H
YCuO, 55, 11.22 A, in spite of the larger size
of the La—0O octahedron. This suggests that
the distribution of the copper and interca-
lated oxygen in the Cu planes is consider-
ably different in the two materials, Note also
the small c-axis shrinkage from 11.42 to

447

11.22 A on oxidation of 2H YCuQ,, to
YCuO, ;, reflecting the decrease of the out-
of-plane Cu-0 bondlength on oxidation of
Cu'* to Cu?*. Neutron diffraction measure-
ments are currently underway to determine
the crystal structures for the oxidized mate-
rials.

IV. Physical Property Measurements

Resistivity was measured on polycrystal-
line pellets of YCuO, ., and LaCuO,_ ; oxi-
dized delafossites in a four-probe bar geom-
etry. Results are shown in Fig. 15, YCuO, ;
and YCuO; 5, are semiconductors with room
temperature resistivities of 10> and 10°
ohm-cm respectively. Plotting of the data in
a log p vs /T representation shows curva-
ture over the entire temperature range with
an implied activation energy of approxi-
mately 0.23 ¢V for YCuO,;, near 300 K.
The activation energy is slightly smaller for
YCuO, ;. As seen in the figure, the oxida-
tion of Cu to 0.1 hole/Cu improves the re-
ststivity but does not result in metallic be-
havior. For LaCuO,_ ,, the resistivities
measured are significantly lower, and in-
crease as expected as decreasing oxygen
content decreases the Cu valence toward
Cu**, Note, however, that although the
magnitudes of the resistivities measured are
relatively high, they do not increase very

LnCuQ,

YCuOzs |
YCuOy 5g

| LaCuOp e

|- |

LaCuO; 49
2 -
1L aCu0y ga 7]

0 ! 1 1 1
0 50 100 150 200

Temperature [ K}

log p (ohm ¢m )

250 300

FiG. 15. Temperature dependent resistivities of poly-
crystalline pellets of YCuO,,, and LaCuQ,_ .
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Temperature ( K)

300

FiG. 16. Temperature dependent magnetic suscepti-
bilities of YCuO,, . and LaCuQ,_,, linear scales.

much with decreasing temperature. The ob-
served temperature dependence is more
consistent with a resistivity several orders
of magnitude lower than what is measured.
This suggests that in the LaCu0Q,, , case the
resistivities are dominated by grain bound-
ary resistance in these low density pellets,
and that the intrinsic resistivities may be
one or two orders of magnitude lower than
those presented in Fig. 15.

Magnetic susceptibilities were measured
for the oxidized series in a SQUID magne-
tometer in a field of 1 T. Results for repre-
sentative samples are shown in Figs. 16-20,
where a contribution for core diamagnetism
has been subtracted. Both sets of materials
have susceptibilities which display local mo-
ment behavior at low temperatures. For the
YCuQ, ., materials, the susceptibility in-
crease at low temperatures corresponds to
a moment of 0.2up, or 5% free Cu** spins.
No sign of three-dimensional magnetic or-
dering was observed down to 2 K. This is
consistent with that expected for a frustra-
tion-dominated spin system. Also as ex-
pected, the magnitude of the susceptibilities

CAVA ET AL.

5 { 10 emu/mole }

| | | 1
400 500 600 700

Temperature (K)

0
300 800

FiG. 17. Magnetic susceptibilities for selected La
Cu0,,, and YCu0,,, compositions above room tem-
perature, linear scales.

decreases with increasing hole concen-
tration. The susceptibilities at high tem-
peratures, however, differ for the Y- and
La-based compounds. Figure 16 shows
continuously increasing susceptibilities with
decreasing temperature for LaCuO,, but for

¥ 1 (10® molefemnu )

Q 100
Temperature (K )

200 300

Fi1c. 18. Temperature dependent magnetic suscepti-
bilities of YCuO,, , and LaCu0,, ., inverse y scale.
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FiG. 19. Magnetic susceptibility of LaCu0O; q; after
subtraction of a temperature-independent term, show-
ing fitto x — xg = CAT — 0) between 65 and 300 K.

Y CuQ, the susceptibilities first decrease on
cooling from 300 K. Measurements to 700
K (Figure 17) show that the decrease below
300 K is the lower part of very broad shallow
peaks in the susceptibilities with maxima
near 400 and 300 K for YCuQ,;, and
YCuQ; 55 respectively. LaCuQO, shows no
peaks or changes in curvature up to 700 K.
Data in Fig. 17 are reproducible on heating
and cooling over the temperature range plot-
ted indicating stability of the phases (struc-
ture and oxygen content) up te 700 K for all
except YCuO, s which showed decomposi-
tion above 500 K.,

In Fig. 18 the inverse susceptibilities, x ™',
are shown as a function of temperature, For
YCuQ, the broad maxima in x near 300 K
give rise to apparent maxima in x ' at lower
temperatures. For LaCuQ,, the susceptibil-
ities show curvature over the whole temper-
ature range, and if taken as is can be fit to
Curie—~Weiss like behavior only at tempera-
tures in the range 200-300 K. Such a fit for
LaCuQ, s, for example, yields an effective
moment p.; = 1.6uy, close to the spin &
value of 1.73up, and a Curie—Weiss temper-
ature 4., = —490K. Fits for other composi-
tions yield similar results.

Although the LaCuO, compounds are not
metallic conductoers, they are somewhat
conductive and so the y ™! presented in Fig.
I8 may include a temperature independent
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susceptibility x, due to the Pauli Paramagne-
tism of free carriers. Assuming that to be
the case, the data for LaCuO, s are replot-
ted with a x, subtracted calculated from a
fittox — xo = CAT — & in the region
65-300 K. The data are seen to be very well
described above 65 K with 6 = —57 K,
Per = 0.68up, and x, = 2.25 x 1074
emu/mole, suggesting that the nonzero x,
term is indeed present. The deviation from
Curie—Weiss behavior at low temperatures
(T < 65 K here) is typical for geometrically
frustrated systems (9) and is due to the onset
of short-range spin correlations. Taking
#.. = —57 K at face value, and assuming
the nearest neighbor inplane exchange inter-
action dominates the exchange energy,
Eoy = 2000+ S:8;, one finds J_, = 19 K, sig-
nificantly less than the J _ = 1500 K in
La,CuO,. This qualitative difference is
likely due to the 180° O-Cu-0O bonding in
La,CuQ, and the probable lack of such lin-
ear bonding in the triangular Cu-O array
in LaCuQ,.,

Finally, Fig. 20 shows the oxygen stoichi-
ometry dependence of the magnetic suscep-
tibility at 300 K for the L.aCuO, oxidized
serics. There is a peak at x = 2.57. Our
present interpretation of this behavior is that
above x = 2.57 susceptibility decreases with
increasing hole concentration as expected,

4.5 T T T T LI E S I R |

35 - 7
a0k -l
25 N

20

o { 300K ) { 10-* emu/mole }

x in LaCuQ,

FiG. 20. Oxygen stoichiometry dependence of the
300 K magnetic susceptibility of LaCuQ,. The decrease
below x = 2.57 may be due to decomposition.
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but that below x = 2.57 there is decomposi-
tion of the oxidized delafossite under our
conditions to a Cu'’-containing phase
which is essentially nonmagnetic. The mag-
netic data form a part of the evidence which
leads us to conclude that there is a minimum
oxygen content for the oxidized LaCuQ, de-
lafossite under our conditions of approxi-
mately x = 2.57.

V. Spectroscopy

To investigate the electronic structure of
the conducting holes in LaCuO,_ and YCuO,,
we have measured the bulk sensitive, O
K-edge and Cu L, ;-edges photoabsorption
spectra. The experiments were performed
using the AT&T Bell Laboratories Dragon
beamline located at the National Synchro-
tron Light Source, Brookhaven National
Laboratory (/0). The monochromator reso-
lution was set at ~0.15 and ~0.45 eV for
the O K-edge and Cu L,;-edges, respec-
tively. Bulk-sensitive (~2000 A probing
depth) fluorescence yield spectra were re-
corded using a high-sensitivity seven-cle-
ment germanium array detector. The sam-
ple surfaces were scraped in air
immediately before pumping down the
spectrometer vacuum chamber, and the
measurements were carried out at room
temperature.

Figure 21 shows the O K-edge (O 1s —
O 2p transitions} and Cu L,;-edges (Cu
2p1n.3n— Cu 34, 4s transitions) fluorescence
yield photoabsorption spectra of LaCuO,
and LaCuQ, ¢,. The spectra for YCuO, and
Y Cu(, 5;are shown in Fig. 22. Upon oxygen
doping of LaCu0, and YCuO,, a new unoc-
cupied O 2p band, labeled as peak 02, ap-
pears in both the O K-edge spectra of
LaCu(, ¢, and YCuO, 5. Since the intensity
of peak O2 increases with oxygen content
(see Figs. 23 and 24), this new unoccupied
O 2p band is ascribed to the oxygen atoms
doped into the Cu planes (denoted as **02”
oxygens). Interestingly, the double-peak
feature in the lowest unoccupied band in
the undoped samples, labeled as peak Ol,
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FiG. 21. O K-edge and Cu L, ;-edges fluorescence
yield photoabsorption spectra of LaCuO, and La
CuQ, ;. The peaks labeled in the figure are discussed
in the text.

becomes a single-peak feature in the doped
samples. This peak is ascribed to the oxy-
gens between the La and the Cu planes
(denoted as the 01’ oxygens), because
its intensity (peak area) is essentially the
same for both undoped and doped samples.
The change in the lineshape of O1 peak
could be due either to the change in the
bond distance between the Ol oxygens
and the Cu, or to an indirect influence
on the chemical environment of the Ol
oxygens by the added presence of the
02 oxygens.

Two strong absorption white lines, la-
beled as L, and L,, were observed in the Cu
L, ;-edges spectra of all four samples. The
~3-eV shift toward the lower photon energy
of the white lines of doped samples, in com-
parison to undoped samples, is a character-
istic of the Cu'* and Cu®* oxidation states of
Cu atoms in cuprates (II). This observation
clearly shows that the Cu atoms are in the
Cu'* oxidation state in undoped samples
and are in the Cu®*?® oxidation state in doped
samples. By normalizing these Cu L, ;-
edges spectra to make their intensities equal
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Fig. 22. O K-edge and Cu L, ;-edges fluorescence
yield photoabsorption spectra of YCuG, and YCuO, 5.
The peaks labeled in the figure are discussed in the text.

at 970 eV, a well-known procedure for tak-
ing into account the differences in experi-
mental conditions, we find that the intensi-
tics of the L., white lines of the undoped
samples are much smaller than those of the
white lines of the doped samples. This inten-
sity difference strongly suggests that the
main photoabsorption transition for un-
doped samples (Cu'*) is 2p%3d"0 —
2p°3d'%4s', and for doped samples (Cu®")
is 2p93d? — 2p°34", because the 2p — 4s
transition is known to have a much smaller
absorption cross-section than that of the
2p — 3d transition. The extra peaks ob-
served in the undoped samples, labeled as
£3, L3, and OF, are all due to the oxidation
of sample surfaces before the pumping down
of the vacuum chamber. This surface oxida-
tion effect is confirmed by the large increase
in the Ly/L,, LY¥L,, and O%OI ratios found
in the surface sensitive (~100 A probing
depth) total electron vyield spectra (not
shown), recorded simultaneously with the
fluorescence yield spectra. The nearly iden-
tical energy positions between the L3, of
undoped samples and the L,; peaks of
doped samples clearly show that the oxi-
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Fio. 23. The low-energy region of the O K-edge and
the L, white line region of the Cu L, ~edge spectra of
four different oxidized LaCuQ, samples.

dized surface layers of undoped samples are
in the Cu’* oxidation state.

To investigate the electronic character of
the conducting holes induced by oxygen
doping beyond x = 2.5 (Cu*"), Figs. 23 and
24 show the spectra of the O K-edge low-
energy and the Cu L, white line regions for
four LaCu0Q, and two YCuQ, samples, re-
spectively. Upon oxygen doping beyond
x = 2.5, the intensity of peak O2 increases
slightly, consistent with the further increase

T T

FLUORESCENCE YIELD

535
PHOTON ENERGY (eV)

930

FtG. 24, The low-energy region of the O K-edge and
the L; white line region of the Cu L, ;-edges specira of
two different oxidized YCuQ, samples.
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in the total number of oxygen atoms in the
Cu planes. Neither a new absorption peak,
nor a large enhancement in peak 02 was
observed with oxygen doping beyond x =
2.5. This is tn clear contrast to the case of
doped La,CuQ,, in which a new intense
peak appears at the lowest energy region of
the O K-edge spectra, demonstrating that
the conducting holes in La,_ Sr.Cu0Q,.;
have a strong O 2p character (/2). This com-
parison suggests that the conducting holes
in LaCuO,.. s and YCuO,..; do not have a
significant amount of O 2p character. The
unoccupied band (peak O2) induced by oxy-
gen doping behaves more like localized
holes, having little contribution to conduc-
tivity. On the other hand, the shoulder of
the Cu L; white line (labeled as L}) exhibits
more enhancement, with oxygen doping be-
yond x = 2.5, than that observed in La,_,
Sr,CuO, {/3), indicating that the conducting
holes in LaCuO,.,; and YCuO,.,; have
more Cu 3d character. This difference in
the O 2p to Cu 3d character ratio of the
conducting holes provides a possible micro-
scopic explanation for the high resistivities
of LaCuQ,.., and YCuO,.,; when com-
pared to that of La,_ Sr_ CuQ,. Itis conceiv-
able that a small O 2p,  to Cu 3d character
ratio of the conducting holes could hinder
the hopping between O and Cu atoms, thus
giving a much lower conductivity in the Cu
planes of LaCuO..,; and YCuO,.,, 5. Theo-
retical calculations to confirm this explana-
tion would be of interest.

VI, Conclusion

We have shown that the YCuO, and
LaCu0, delafossites can be oxidized under
a limited set of conditions to form new
phases with stoichiometries YCuQ, 5., and
LaCuO, ... Oxygen can then be removed
by low-temperature gettering to manipulate
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the formal valence of Cu in the vicinity of
Cu?". The physical properties of the triangu-
lar planes of Cu?**%0 present are of interest
both in their own right and as a comparison
to the square planes of CuQ, in cuprate su-
perconductors. Detailed interpretation of
the magnetic properties is not yet complete,
as more microscopic studies of the Cu spin
state are required. Those studies, as well as
structural determination by powder neutron
diffraction and detailed electron microscopy
investigation are in progress and will be re-
ported elsewhere.
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