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Crystal Structure and Magnetic Properties of the Quasi-One-Dimensional
Compound (Ca,;_,Y,)(5,CuQO, Prepared at Room Pressure

Yuzuru Miyazaki,'*! Neil C. Hyatt,!*! Marcin Slaski,!™!

Ian Gameson,'?! and Peter P. Edwards*[?!

Abstract: A solid solution of the quasi-one-dimensional cuprate, (Ca,_,Y,),sCuO,
with 0 <x <0.435, has been successfully synthesized at room pressure. Upon yttrium

doping (decreasing hole concentration), the formal Cu valence of the solid solution
changes from +2.36 to +2.00 without any significant change in the crystal structure.
The solid solution shows an evolution in magnetic behavior, from a dimerlike spin
state to a long-range, magnetically ordered state. The former state can be treated as a
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dilute one-dimensional spin system consisting of both spin dimers (S=0) and

paramagnetic spin segments (S =1/2).

Introduction

Since the discovery of superconductivity at 7=12 K in the
spin-ladder compound (Sr,Ca);,Cu,,O,,! cuprates that ex-
hibit a so-called spin-gap state with low-dimensional Cu—O
networks have been extensively studied.’! The crystal struc-
ture of (Sr,Ca);,Cu,,Oy4 consists of two distinct Cu—O net-
works as shown in Figure 1.P! One is a Cu,05 ladder composed

Cu,0O4 ladders

¥ ¥

CuO, chains
b

Figure 1. The crystal structure of (Sr,Ca),4,Cu,,O,; viewed in perspective
along the c axis.
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of two edge-shared zig-zag chains; the other is an edge-shared
CuO, square-planar chain, as seen in the NaCuO,-type
structure. These ladders and chains stack alternatively along
the b axis to form a low-dimensional structure. Although the
formal valence state of Cu is +2.25 in Sr;,Cu,,O,, the
compound shows semiconducting behavior due to the com-
plete localization of hole carriers within the CuO, chains.
When Sr sites are partially substituted by Ca ions, electronic
charge transfer from the CuQO, chains to the Cu,O; ladders
occurs and subsequently the compound becomes conductive.
Kato and co-workersl> ° examined the magnetic susceptibility
of the solid solution (Sr,Ca),,Cu,,0,; and found a broad peak
at a temperature around 80 K. They attributed this to spin-gap
behavior within the CuO, chains, since it is generally assumed
that the vast majority of spins on the Cu?* sites in the Cu,O,
ladders have already formed spin-singlet pairs (S = 0) at room
temperature. It is now believed that there are two distinct spin
gaps with associated gap energies of ~100 K (CuO, chains)
and ~500K (Cu,O; ladders), respectively, in this com-
pound.l’! Thus, the existence of both ladders and chains in
(Sr,Ca),4,Cu,,04 makes for a complicated electronic structure.
Actually there exist compounds in the Sr—Cu—O system that
have either Cu,O5 ladders or CuO, chains, namely SrCu,O5®!
and Sr,,;Cu0,,”! respectively. Unfortunately, to date, both
compounds have only been synthesized under high applied
pressures. The compound Ca,_,CuO, (y ~0.15),1%11 on the
other hand, which has the one-dimensional edge-shared CuO,
chains, can be synthesized at room pressure. In Figure 2 we
show the crystal structure of Ca, ,CuQ,; this structure is
essentially identical to those of Sr,;;CuO, and Ba,;CuO,.['”
Since these alkaline-earth cuprates appear to have an in-built
cation deficiency,’'? an incommensurate superstructure
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Figure 2. The orthorhombic basic structure of Ca;_,CuO, viewed in
perspective along the a axis. In the actual structure, the CuO, chains are
slightly twisted.

arises due to the periodic differences in arrangements of the
alkaline-earth cations and the CuQ, chains. As a result of this
cation deficiency, the oxidation state of Cu always appears
above +2.0, even without substantial changes in the oxygen
stoichiometry. For example, the formal Cu valence of
Cay3sCu0, is found to be +2.3, which implies that excess
holes must be introduced into the electronically active CuO,
chains. However, the mixed-valent compound is an insulator,
owing to localization of the introduced holes. Davies and
colleagues!'> “l have reported that a certain amount of Y ions
(also Nd and Gd ions) can substitute for the Ca site to form a
solid solution; this is generally represented as Ca,, Y, _,Cus-
Oy (0<x<0.8), rather than (Ca,_,Y,),_,CuO,. The formal
valence of Cu in the solid solution varies from 2.00 to 2.16.

It is interesting to see how the magnetic structure evolves in
such a solid solution with a one-dimensional CuO, network, in
which the formal Cu valence changes without any significant
change in the crystal structure. We have succeeded in
preparing, at room pressure, the solid solution of formula
(Ca;_,Y,);_,CuO, over a large substitutional range and we
have measured the temperature dependence of the magnetic
susceptibility. During the course of our experiments, Dolinsek
and co-workers!™ reported the magnetic susceptibility of
Ca,4sCuQ,, which showed a broad maximum at around 50 K.
These authors have proposed that the broad peak is attributed
not to the spin dimer but to even-number spin fragments. We
are also aware of the recent work of Hayashi and co-
workers,['%! using high-pressure synthesis (at 215 bar of oxy-
gen), who present complementary results to our own.
Interestingly, our room-pressure synthesis appears to be
highly successful in producing high phase purity over a
relatively wide solid-solution range. In the present paper, we
report the synthesis of the solid solution (Ca;_,Y,)sCuO,,
with 0 <x <0.435, prepared at room pressure. We also report
an accompanying structural analysis and magnetic properties
across the solid-solution range, and compare our results with
those for materials synthesized under high oxygen pressure by
Hayashi and co-workers.[!f]
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Results and Discussion

In Figure3 we show the composition diagram for
(Ca;_,Y,);_,Cu0O, in terms of the compositional parameters
(1 —y) and x. Oblique lines in the figure indicate the formal
Cu valences calculated from the nominal compositions. We

Figure 3. The (1 — y) vs. x compositional diagram for the (Ca;_,Y,);_,CuO,
solid solution. Shaded area represents the region where the single-phase
samples are prepared. Open circles indicate that the samples contain an
impurity phase(s).

have succeeded in preparing single-phase samples over a wide
range of yttrium composition x, as shown by the filled circles
in Figure 3. Although single-phase samples could be prepared
at (1 —y) ~0.80, the widest single-phase region (shaded area)
was obtained at (1—y)=0.82. Thus, detailed results are
presented here for the formula (Ca;_,Y,)sCuO,, with 0<
x <0.435. Thermogravimetric measurements confirmed that
the oxygen content of all the single-phase samples remained
at 2.00, within experimental error. Hence, we treat the solid
solution with no oxygen deficiency and the nominal Cu
valence ranges from +2.36 (x=0) to +2.00 (x=0.435).
Whenever we attempted to synthesize the samples at (1 —
y)=0.80, which corresponds to the formula of Ca,,. Y, ,-
Cu;O,, reported previously by Davies,'Y we invariably found,
from powder X-ray diffraction, small but clearly discernable
amounts of impurities (e.g., CuO and Cu,Y,0s). This
discrepancy in the single-phase composition might be attrib-
uted to the preparation conditions, in particular oxygen
partial pressures. We also found impurities in the whole
electron-doped region of Cu"* <+ 2.00.

In Figure 4 we show the effect of yttrium substitution on the
lattice parameters of the basic cell of the samples, as refined
by the X-ray Rietveld method.['”? The magnitude of estimated
standard deviations (esd’s) of all the values are within the data
points shown. For comparison, the results reported under
215 bar of oxygen by Hayashi and co-workers,'* are also
shown. Although the nominal stoichiometry reported by
those authors is different from our own, we recalculated their
data so as to represent the relative Y content (x). The crystal
a-axis length, which relates to the nearest Cu—Cu distance
along the chain direction (see Figure 2), gradually increases
with increasing x and appears to saturate at higher x values.
The substitution of smaller trivalent Y ions for divalent Ca has
a marked effect on the length of the b-axis, while the length of
the ¢ axis remains almost constant. Similar size effects have
been also observed for the samples prepared under high
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Figure 4. Effect of the yttrium substitution on the lattice parameters of
(Ca,_,Y,)uCu0,.

oxygen pressure.l'! The differences in the absolute values of
those lattice parameters can be rationalized in terms of the
differences in both pressure and composition. The cell volume
calculated from these lattice parameters monotonically de-
creased from a value of 187.6(1) A3 (x =0) to 185.8(1) A3 (x =
0.435); these values were consistently about 0.5 % larger than
those reported by Hayashi and co-workers.') Our detailed
structural work including the incommensurate superstructure
will be presented elsewhere. Briefly, upon Y doping, the
Cu—O distance in the CuO, chain gradually increases from a
value of 1.932(2) A to 1.976(4) A, while the next-nearest
Cu—Cu distance (interchain) decreases continuously from
3.458(1) A to 3.410(1) A. The modulation periods along the a
axis changes from 6.02(5)a to 5.16(5)a; this approximately
represents the stoichiometry of the samples, varying from
Cay34Cu0; [Cay_150,Cu0;] to (Ca,Y)o506CuO; [Cay_yys16-
Cu0O,] even when we prepared all the samples with the
(Ca,Y)(4,CuO, composition. Large changes in the incom-
mensurate periods along the c axis [from 6.29(1)c to 3.97(1)c]
could compensate for this compositional and periodic dis-
crepancy. Interestingly, although the crystal structural change
is small and continuous, the solid solution shows a distinct
transition in magnetic behavior upon Y doping, from a
dimerlike state to a long-range magnetically ordered state. As
has just recently been reported by Hayashi and co-workers,['°]
the samples with x <0.15 show a broad peak in the y — T
curves (7T,..x) below 40 K, while the samples with 0.20 <x <
0.435 show a clear antiferromagnetic transition (7y) below
30 K. In Figure 5 we show the variation of Ty and T, against
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the formal Cu valences of the samples (Cu"") together with
the recently reported results from other groups. The sample
with x =0.435 has no excess charge (namely, Cu""=2.00) and
has a Ty of 29 K, and can be regarded as a parent compound
of the system. As the carrier doping increases (decreasing x),
Ty gradually decreases and vanishes at around Cu"*=2.20.
Then, a dimerlike state emerges with a further decrease in the
compositional parameter x. Despite the vastly different prep-
aration conditions between our own studies and Hayashi and
co-workers,®l the similar behavior of the samples implies that
the carrier concentration is the key factor in dictating the
magnetic behavior. To fully interrogate the cross-over region
of the magnetic behavior, ESR and neutron scattering experi-
ments for the samples of x ~0.15 are currently underway.

In Figure 6 we show schematically probable spin config-
urations on 2 x 10 Cu sites along the CuO, chains for each
carrier doping state (spin directions are not taken into
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Figure 6. Schematic representations of possible spin configurations upon
carrier doping. Open circles represent so-called Zhang — Rice singlets. Spin
directions are not taken into account.

account). For clarity the oxygen atoms have been omitted.
The O—Cu—O angles are almost 90° in the solid solution, and
hence the superexchange coupling between the nearest
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neighbor Cu atoms, here taken as J;, can be substantially
weaker than that of Sr,CuO; with J; ~2200 K, in which the
O—Cu—O angles are 180°. Then, the direct coupling between
the CuO, chains (interchain), J,, must be significant, since the
interchain Cu—Cu distance is only about 3.41 A. This length is
apparently longer than the nearest Cu—Cu distance along the
chain of 2.81 A (= a), but much shorter than that of the next-
nearest one of 5.62 A (= 2a). Two other Cu—Cu distances are
around 5.3 A and are neglected in this report for simplicity.
Through carrier doping, the spin configurations might vary
from states (a) to (d) as shown in Figure 6. The doped hole
carriers might mainly form magnetically inactive Zhang-—
Ricel™ spin singlets, shown by open circles. As the number
of these singlets increases, the long-range-ordered state
collapses gradually and causes a decrease of Ty. Between
the states (c) and (d), the interchain coupling, J,, might
become significantly small relative to that of the state (a), and
thus each CuO, chain can be treated as an isolated entity.
Actually, Ty vanishes at around this composition and another
state, a dimerlike state, appears. In the vicinity of the magnetic
state (d), Zhang- Rice singlets are located at almost every
third site. We performed curve-fittings on the susceptibility
data for the sample with x =0, using both a noninteracting
dimer model?” and an alternating chain model.?"! Contrary to
the previous report, [l the dimer model gave a much better fit
and we obtained a dimer coupling (spin gap) J,=61(2) K
with the number of the dimers (Np) = 0.25(1) per formula unit
(f.u.), and the number of the spin segments that contribute the
Curie—Weiss term (Ng)=0.27(1) per fu. These numbers
describe well the spin configuration shown in Figure 6(d), in
which almost 2 (0.2 f.u.) dimers and 2 (0.2 f.u.) spin segments
are located statistically on the 10 Cu sites. To our knowledge,
there is currently no theoretical approach for such a
correlated, diluted spin system. However, the solid solution
qualitatively shows a transition from an antiferromagnetically
ordered state to a dimerlike state, as predicted by Haldanel*
for the S =1/2 isotropic Heisenberg antiferromagnetic chain,
with carrier doping. Neutron scattering experiments with
single crystals are currently underway to rule out the spin
dynamics of the solid solution.

In summary, we have succeeded in preparing the quasi-one-
dimensional cuprates (Ca;_,Y,)5Cu0,, with 0 < x <0.435, at
room pressure. The structural parameters are slightly differ-
ent from those recently reported for samples prepared under
215 bar of oxygen. However, the magnetic behavior is largely
independent of the preparation conditions, but strongly
dependent on the carrier concentration. Despite its crystal
structure, the solid solution has a long-range correlation in the
spin configuration. Upon carrier-doping, long-range magnetic
ordering collapses and an isolated one-dimensional character
appears. Further experimental and theoretical studies are now
in progress to understand the properties of such a diluted spin
system.

Experimental Section

Sample preparation: Samples were prepared from CaCOj; (99.9%), Y,0;
(99.99 %), and CuO (99.99 % ) powders. Intimate mixtures of these powders
were heated at a temperature between 830°C and 1000 °C for appropriate
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periods with intermediate grindings. All the samples were prepared in
flowing oxygen at room pressure. Since the appearance of high-temper-
ature stable phase Ca,CuO; prevented the formation of Ca-rich solid
solutions, the samples with x <0.10 were prepared at 830°C for the total
heating time of 360 h. The optimum sintering conditions were found to be
closely dependent on the sample composition; the samples with 0.15 <x <
0.30 and 0.30 < x < 0.45 were synthesized at 880°C for 192 h and 980 °C for
144 h, respectively.

Characterization: X-ray powder diffraction (XRD) data were collected at
room temperature in the angular range 10° — 100° with a 26 step of 0.020°
on a Siemens D5000 diffractometer. Rietveld analysis was carried out for
the X-ray diffraction data with the Rietan-97 program.'] Interatomic
distances were computed with the program ORFFE.! The formal Cu
valence of the samples was determined from the oxygen content of the
samples measured by thermogravimetry under N,-5% H, atmosphere.
Magnetic susceptibility was measured with a SQUID magnetometer with
field cool (FC) conditions under 1000 Oe of magnetic field from 300 K to
4K.

Structure model: The basic structure was determined by the X-ray Rietveld
analysis, excluding the peaks of superstructure. The structure model
proposed by Babu and Greaves!'!l is adopted. For example, the refined
structural parameters of Ca,,CuO, are: space group Fmmm (No. 69); a=
2.80556(6) A, b=6.3208(1) A, and ¢=10.5765(2) A; Ryp=6.28%, Rp=
4.00%, R.=3.69% and R ;=5.30%. Other relevant parameters are given
in Table 1.

Table 1. Selected refined structural parameters for Ca,gz,CuO,

Site  Atom Occupancy x y z B

16/ Ca 0.205 0.390(1) 1/4 1/4 1.36(11)
4a Cu 1.000 0 0 0 1.38(5)
16m O 0.500 0 0.0480(7) 0.6222(3) 1.0
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