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Abstract 

It is proposed that the spinodal decomposition of the nonstoichiometric 
superconducting oxide YBa2Cu307-x involves the formation ofa homolo­
gous series of ordered phases, which provide the best kinetic accommoda­
tion for the instantaneous value of the local vacancy concentration. The 
structures of these phases should be similar to those of the Magneli homol­
ogous series Tim02m-1 and MOm~m-I' The intermediate ordered phases in 
the oxide have the stoichiometry YBa2Cu307-~ where n is an integer. 
The structure of the n-phase has a diffraction maximum at the point 
(2~100). The results are shown to be in agreement with recent experimen­
tal evidence on secondary ordering in YBa2Cu30?-x. 

I. Introduction 

In previous work [1-2] we pointed out that the non stoichiometric compound 
YBa2Cu30?-x is thermodynamically unstable at low temperature, and used this fact to infer 
the low temperature form of the phase diagram as x is varied from ° to 1. The decomposi­
tion terminates in a mixture of the terminal phases YBa2Cu306 (tetragonal: T) and 
YBa2Cu307 (orthorhombic: 0). By fitting the calculated thermodynamic values to the 
available experimental data we obtained the approximate phase diagram that is shown in 
Fig. 1. The proposed diagram predicts a high-temperature decomposition into two ortho­
rhombic phases of different composition followed by low-temperature decomposition into a 
mixture of T and 0, and is at least qualitatively supported by subsequent experimental work 
[3-10] . 

There are, however, experimental indications that the phase transformation behavior 
of the oxide may be complicated by the appearance of transient or metastable states. Sev­
eral researchers have found evidence for intermediate ordered states in non stoichiometric 
YBa2Cu30?-x. Van Tendeloo, et al. [11] observed a tripling of the repeat period along the 
[100] direction of high resolution electron microscopic images (which would create (t>0) 
superlattice maxima in the diffraction pattern). They also found diffuse maxima at the (~) 
positions, which suggests a secondary ordering of the oxygen atoms and vacancies in the 
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basal plane. Werder, et al. [12] found additional diffraction maxima at the (~O) positions 
in electron diffractions patterns. These also result from secondary ordering along [100], 
but with a different period. You, et al. [6] interpreted the fine scale (110) twin splitting in 
the diffraction pattern of single crystal YBa2Cu3D7-x to conclude that at least three different 
orthorhombic phases may be present simultaneously. 

The observed structural phenomena are apparently associated with ultrafine ordered 
domains. Unlike the ordered bulk orthorhombic phase (O-phase) which forms macro­
scopic twin-related domains, these ultrafine domains do not grow into a macroscopic or­
dered phase. They appear to be unstable or metastable transient states that occur during the 
low-temperature decomposition of the oxide. 

The appearance of intermediate ordered phases during the decomposition of non­
stoichiometric mixed valence oxides should be a common occurrence. Secondary ordering 
induced by the repulsion of nonstoichiometric vacancies always reduces the free energy at 
low temperature even if it does not produce a stable phase. Moreover, secondary ordering 
is kinetically favored over decomposition since it is accomplished by short-range atom 
rearrangements, while decomposition requires diffusion over relatively long distances. 
Secondary ordering will, therefore, often precede decomposition even if it leads to an end 
product with a higher thermodynamic potential. Spinodal decomposition, which can occur 
in mixed valence oxides since there is no charge balance constraint on stoichiometry, gives 
a spectrum of compositions along the decomposition path. Each composition is compatible 
with the formation of an ordered phase with an appropriate symmetry and stoichiometry. 
In mixed valence oxides with a wide composition range this behavior results in the forma­
tion of homologous series of ordered phases of varying composition. Well-documented 
examples include Ti02-x [13], V02-x [14], and Mo03-x [15]. The theory of secondary 
ordering in these oxide systems has been developed in some detail by one of the present 
authors [16,17]. It is the purpose of this note to describe how this theory may apply to 
YBa2Cu307-x, to show that it explains the specific ordered states observed by Van Tende-
100, et al. [11] and by Werder, et al. [12], and to discuss its further implications. 

2. Homolof:ous series of non stoichiometric oxides 

One of the present authors. has previously attacked the· problem of homologous 
series of nonstoichiometric oxides to explain the structural behavior of non stoichiometric 
oxides of transitional metals with mixed valencies [16,17]. It has been shown that 
non stoichiometry in the Ti02-x and V02-x rutile phases and in Mo03-x, Re03-type phase 
is removed by secondary ordering of the nonstoichiometry vacancies. This secondary 
ordering results in the formation of the homologous series of "Magneli phases" [18]. 
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The theory [16,17] shows that a homologous phase has the lowest possible free 
energy if its atomic structure satisfies a "maximum amplitude principle", that is, the ampli­
tude of the dominant concentration wave generating the secondary superstructure assumes 
the maximal value attainable at a given composition. The maximum amplitude requirement 
is specifically met when atoms and their vacancies form a layer structure composed of al­
ternating filled and vacant planes with periodic faults on every (2n+ l)th plane. The motif 
for the structure consists of 2n+ 1 planes. For example, when n=2 the layer repeat pattern 
is 

... AADADAADAD ... (1) 

where A designates a plane of atoms and 0 denotes a plane of vacancies. 

The alternating parallel planes are drawn over crystal lattice sites of the fully or­
dered, stoichiometric parent phase that are available for occupancy by nonstoichiometric 
vacancies induced into the parent phase by the deviation from the stoichiometry. Since the 
motif of such a structure is 0 nAn+ 1, the concentrations of vacancies, 0, and atoms, A, 
are 

n 
Cv = 2n+l 

(2) 

respectively. The maximum amplitude of the concentration waves generating this structure 
(i.e., the maximum of the diffracted intensity) falls on a wave vector of the dominant wave 

(3) 

where H is a reciprocal lattice vector of the parent structure related to the alternating plane. 

For example, the Magneli phases in nonstoichiometric Ti02-x rutile have the stoi­
chiometric formula, (Ti2

n+\ 0 ~)O, or Tim02rn-l, where m = n+l is a series of integers 
n+ "n+l 

that characterize the members o~ the Magneli homologous series. Similar structures occur 
in the V m02m-l oxides. For these structures the maximum intensity diffraction spots are 
given by the maximum amplitude principle and fallon sites of the generic type 

(4) 
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in the reciprocal lattice of the rutile structure, where H(121) is the reciprocal lattice vector 
corresponding to the (121) plane. The secondary ordering in non stoichiometric Mo03-x 
oxides results in the Magneli homologous series with the stoichiometric formula: 
(Mo~O ~)(O;+\ 0 ~)O, or Mom03m-l, where m = n+1 [17]. The homologous 

.t.n + 1 Tn+T" n + Tn+T" 
series (Mo,W)m03m-l for 8~m~14, which is generated by the dominant concentration 
wave, 

m-1 
kO = 27t ( 2m-I) H(420) (5) 

is also in agreement with the theory; the maximum intensity spots fall at ~_\ (420». 

3. Possible Transient Ma~neli-type Structures in Nonstoichiometric YBa2Cu~0tl 

A similar structural behavior may be expected for the orthorhombic YBa2Cu307-x 
oxides. The stoichiometric formula can be presented as YBa2Cu306(Ol-x Ox) where the 
parenthetical expression describes the fractions of oxygen atoms and vacancies in the (001) 
basal plane (Fig. 2). If a Magneli-like homologous series is formed, the structures and 
stoichiometries of its members should be determined by the maximur'~ amplitude principle. 
According to the equation (2) the stoichiometric formulae should be U 

(6) 

The maximal intensity superlattice reflections caused by the secondary ordering and gener­
ated by the dominant wave should fall at the reciprocal lattice sites specified by 

n 
k = 2n+l (27tH) 

k = ..!!:t.L27tH) 2Ii+1' (7) 

within the reciprocal lattice of the parent YBa2Cu30? oxide, where H is a reciprocal lattice 
vector corresponding to the alternating crystal lattice planes in the parent phase. Substitut­
ing the integer series n=l, 2, 3 ... into (6) we obtain the possible homologous series of the 
transient secondary ordered oxides: . 

(8) 

The corresponding superlattice reflections related to the dominant (maximum am­
plitude) concentration wave are: 
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(9) 

The members of this homologous series are not equally stable. Some may appear only at 
particular values of the temperature and composition; others may not appear at all. 

If we assume that the homologous phases are formed by the alternation of filled and 
vacant (100) planes in the YBa2Cu307 structure, i.e. H = H(IOO) in the series (7), then the 
maximum intensity superlattice diffraction maxima for the secondary ordered homologous 
phases (8) are: 

YBa2Cu3<h-~: (-joG) 

YBa2Cu3<h_~: (~) 

YBa2Cu3~_~: (~) 
YBa2Cu307_~: (tOO) 

These phases are all orthorhombic, but have orthorhombicity ratios that decrease with n. 

4. Discussion 

(9) 

The structural observations that have recently been reported on secondary ordering in 
orthorhombic YBa2Cu3O,.x are in at least qualitative agreement with the predictions of the 
secondary ordering theory. The observed diffraction effects can be attributed to the occur­
rence of a transient Magneli-type homologous series YBa2CU307_g on cooling. The 
tripling of the period along the [100] direction observed by Van Tendeloo, et al. [11] would 
result in a superlattice diffraction maxima at (¥m), which corresponds to a Magneli-like 
structure with n= 1. They also observed a diffuse maxima at (~), which corresponds to 
the limiting structure at n = 00, but may also represent the accumulation of diffraction inten­
sity from structures with high values of n. The~) maxima found by Werder, et aI. [11] 
is consistent with Magneli-type ordering with n = 2; they also observed diffuse intensity 
near (~). It is significant that the (ioo) maxima were seen only when the composition of 
the YBa2Cu307-x lay within the range 0.3 < x < 0.4, in good agreement with the predicted 
stoichiometry x = fof the YBa2Cu3<h- ~ homologous phase. 

The situation with the other members of the homologous series at n = 3, ... ,00 is 
not yet clear. They were not observed either because they were not formed at all or be­
cause at n ~ 3 the positions of the relevant diffraction maxima become so close to one 
another and to the maximum at $><» that they are not resolved, but are rather gathered into 
the broad, diffuse maximum around (~O). 
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The (2:+100) homologous phases were found only in the form of ultrafme domains 
that did not grow with time to form macroscopic regions. This observation suggests that 
the homologous structures are transient unstable or metastable states along the decomposi­
tion path. If so, the behavior of the oxide somehow resembles that of Ni-Mo and Au-Pt 
alloys, in which (1~) maxima that never develop in the conventional superstructures are 
also observed [19,20]. 

The theory of homologous phases allows us to find the atomic stru~ture of the 
(~O), (~O) and (~OO) phases. As discussed above, the non stoichiometric vacancies, 0, 
should be distributed in an ordered pattern of the type (1) over the regular O-atom sites in 
the (001) basal planes of the completely ordered YBa2Cu307 structure (Fig. 2). The 
YBa2Cu307 phase does not have nonstoichiometric vacancies at all (Fig. 3a). The [010] 
lines filled by ° atoms and their vacancies alternate in the pattern ... 00 000 0 . . . 
for the x =rstructure (Fig.3b), in the pattern ... 00 DO 000 DO 000 ... for x = 
t (Fig. 3c), and in the pattern ... 0 DO DO 0 ... when x = t (Fig. 3d). 

Let us consider now the situation when YBa2Cu30?-x oxide is cooled into the two­
phase region of the diagram in Fig. 1 below the secondary spinodal shown by the dashed 
line. The supercooled, nonstoichiometric phase preferentially undergoes secondary spin­
odal decomposition into two orthorhombic phases (a similar type of secondary decomposi­
tion within the ordered phase occurs in cubic Al-Li [21]and Fe-AI [22] alloys). The oxygen 
content of one of the decomposition products evolves towards YBa2Cu307 stoichiometry 
(x decreases) while the oxygen content of the other evolves towards the YBa2Cu306 stoi­
chiometry (x increases). During this decomposition the oxygen content of the decom­
posing phases pass one by one through the stoichiometric compositions for the Magneli­
like phases at x = 2:1' and can hence evolve locally into the various secondary ordered 
homologous states. Since the change of the overall oxygen content of the macroscopic 
phases, which is controlled by bulk diffusion, occurs much slower than the possible rate of 
secondary ordering, which is controlled by ordering kinetics, it should be kinetically 
preferable to form the homologous phases whenever they are stable with respect to the dis­
ordered orthorhombic phase at the local value of its composition. Given the spatial varia­
tion in mean composition that is expected in a material in the course of spinodal decompo­
sition, the homologous phase is n~t expected to grow to macroscopic size before it is 
forced by the evolution of the local composition to transform into the next homologous 
phase in the series. The reduction of the oxygen content in the oxygen-lean O-phase during 
the decomposition reaction, accompanied by the transient secondary ordering, should con­
tinue until the oxygen content of the O-phase reaches the stability limit with respect to dis­
order. At that point the oxygen-lean orthorhombic phase spontaneously disorders to create 
the equilibrium, tetragonal YBa2Cu306' 
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The kinetic competition between rates of decomposition and ordering may explain 
the very interesting results of recent high resolution x-ray synchrotron radiation studies of 
single crystals of YBa2CU307. x [6]. The authors of [6] concluded that the splitting of 
(110) twins they observed shows that the YBa2Cu307-x phase consists of a series of at 
least three orthorhombic phases with a fme scale phase separation. A similar phenomenon 
was observed in another superconducting oxide (La1.8BaO.2)CU04-x [23]. This phe­
nomenon cannot be explained by spinodal decomposition alone because in that case a con­
tinuous spectrum would be seen in the (110) twin-splitting diagram becaus~ of the continu­
ous spectrum of compositions formed due to the spinodal decomposition. 

According to the diagram shown on Fig. 1, the oxide decomposes at room temper­
ature when the oxygen content falls below the YBa2CU306.8 stoichiometry (this solubility 
limit has been confIrmed by Raman scattering data [9,10]). If the decomposition results in 
the formation of fine-scale domains of the homologous structures, it may be responsible for 
the drop in T c from 90K to 60K that is observed below this composition. A second 
consequence of the formation of homologous structures is the following. Since the 
homologous series is terminated at n = 00 by the (~O) phase with the YBa2Cu306.5 
stoichiometry, the formation of homologous orthorhombic phase~ at x > 0.5 should not be 
expected. For x > 0.5 the low-temperature decomposition should lead directly to a mixture 
of T +0 phases. 
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Fig. 1 

Fig. 2 

Fig. 3 

Figure Captions 

The predicted equilibrium diagram for YBa2Cu306 - YBa2Cu307. T = dis­
ordered tetragonal phase; 0 = ordered orthorhombic phase. The dashed line 
indicates the spinodal curve within the nonstoichiometric O-phase. 

The unit cell of the ordered. stoichiometric YBa2Cu307 phase. 

The distribution of atoms and vacancies in the basal plane in examples of the 
ordered, homologous structures YBa2Cu307-rrr : a. YBa2Cu307; b. 
YBa2Cu307.f c. YBa2Cu3Ch-j; d. YBa2Cu307"T 
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