
HAL Id: jpa-00210696
https://hal.science/jpa-00210696

Submitted on 1 Jan 1988

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Increase of Tc in YBa2Cu3O7-δ due to an atomic
ordering transition within the orthorhombic phase

M.T. Beal-Monod

To cite this version:
M.T. Beal-Monod. Increase of Tc in YBa2Cu3O7-δ due to an atomic ordering tran-
sition within the orthorhombic phase. Journal de Physique, 1988, 49 (2), pp.295-300.
�10.1051/jphys:01988004902029500�. �jpa-00210696�

https://hal.science/jpa-00210696
https://hal.archives-ouvertes.fr


295

Increase of Tc in YBa2Cu3O7-03B4 due to an atomic ordering transition
within the orthorhombic phase

M. T. Beal-Monod

Laboratoire de Physique des Solides (*), Université Paris XI, Bât. 510, 91405 Orsay Cedex, France

(Requ le 12 novembre 1987, accepté le 20 novembre 1987)

Résumé. 2014 Nous avons récemment montré qu’on peut attendre une transition d’ordre atomique à longue
distance dans YBa2Cu3O7- 03B4 à une température T’0 bien en dessous de la transition tétragonal-orthorhombic
T0. En supposant que le désordre lié à l’existence de T’0 agit comme paramètre de pair-breaking, nous
examinons la variation 0394Tc qui en résulte pour la température de supraconductivité à 03B4 variable. En

comparaison avec les Tc mesurés jusqu’à présent et correspondant à un état d’ordre trempé depuis
T &#x3E; T’0, l’accroissement prévu pour Tc, 0394Tc, quand T  T’0, devrait être maximum autour de 03B4 ~ 0,4.

Abstract. 2014 We recently showed that a long-range atomic ordering transition may be expected in

YBa2Cu3O7- 03B4 (0 ~ 03B4 ~ 0.5 ) at a temperature T’0 much below the orthorhombic-tetragonal one To. Assuming
that the disordering linked to the occurrence of T’0 acts as a pair breaking parameter, we examine the resulting
variation 0394Tc of the superconducting temperature for varying 03B4. Compared to the so far measured

Tc corresponding to a state of order quenched from T &#x3E; T’0, the increase of Tc, when T  T’0, 0394Tc is expected to
be maximum around 03B4 ~ 0.4.
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1. Introduction.

A new feature recently arose in the interesting field
of high T, superconductors : an increase of T, of
about 50 % [1] was observed in YBa2CU307 - 5’
possibly linked, acording to the authors of reference
[1], to a structural transition around 240 K, i.e. at a
temperature To much lower than the ortho-tetra
transition To. Motived by these findings, we showed
[2] that, indeed, a second atomic ordering transition
To may be expected below the To one, when
0 , 8 , 0.5, in the two-dimensional (2d) oxygen-
vacancy system in the basal Cu-0 planes located
between the Ba ones. Our model was directly
translated from the well known order-disorder
theories of 3d b.c.c. metallic alloys. Our conjecture
of a « super » order within the orthorhombic phase
took support in experiments exhibiting at room

temperature (i. e. also below To) a regular ordering
of the oxygen vacancies [3], when 5 :A 0.

In this paper, assuming that To does exist, we
examine the main result of reference [1], i.e. how

Tc may be affected by the existence of To.

(*) Laboratoire associe au CNRS (LA n° 2).

The origin of high T, values in the new supercon-
ductors is not yet fully understood despite a consider-
able amount of theoretical effort [4]. In the present
paper we do not answer that question either. We
take for granted the high Tc values measured so far,
obtained for samples prepared by rapid quenching
from high temperatures. We then examine whether
Tc is increased, and how much, when the samples are
slowly annealed, as was the case in reference [1], in
such a way that the long range atomic rearrangement
occurring at To can be achieved (as well known,
equilibrium is very long to be reached at ordering
transition temperatures).

In usual BCS type superconductors, the Anderson
theorem [5] tells us that disorder due to non-mag-
netic impurities cannot change the value of Tc. More
generally, quoting Maki [6] : « if a static external

perturbation does not break the time reversal sym-
metry and does not cause a long range spatial
variation of the (superconducting) order par-
ameter... the thermodynamic properties of the

superconductor remain unchanged in the presence
of the perturbation ». Therefore the theorem does
not hold anymore if either one of the above con-

ditions is not fulfilled. This happens not only when a
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time reversal symmetry breaking is involved [6], or
for a spatially varying superconducting order par-
ameter [6], but also when the energy gap is anisot-
ropic due to the anisotropy of the crystal itself (see
Refs. [15] to [17] of Ref. [6]). It also happens in the
case of a vector pairing [7] (as opposed to the usual
scalar one), or a triplet pairing [7] (as opposed to the
usual isotropic singlet one), or any unconventional
pairing [8] (p wave or d wave type) ; for instance a
recent paper [9] examined the effect of magnetic as
well as non magnetic impurities on anisotropic
singlet superconductors, as possibly being the case in
the YBaCuO family. In all of these cases, the

Tc of the unperturbed system, called (Tc )pure, &#x3E; is

related to the one in presence of the perturbation
(Tc)petiurb. through the relation :

0 (z) is the digamma function [10] and a perturb. is the
pair breaking parameter related to the transport rate
IT - 1 b?perturb. by : · .

We intend here to adapt the above concepts to the
YBa2CU307 - 5 case on either side of the atomic

ordering transition To.

2. Pair-breaking parameter due to atomic disorder-
ing.

We suppose that, for reasons linked to the nature of
the unconventional superconductivity on this system
(as was done in Ref. [9]), the Anderson theorem
does not apply. More precisely, we suppose that the
disappearance of atomic long-range order at To acts
as a pair breaker. Then (1) should be read as

follows : what plays the role of the « pure » system is
the perfectly ordered phase for which the atomic
long range order S is maximum, S = S,,,ax ; the
« perturbed » system is the one where only a partial
order S  Smax exists. Then formula (1) is expected
to read :

with :

In formula (4), T -1 (S ) is the variation of the

transport rate due to the degree of long range atomic
order S, normalized in such a way that

1 (Smax ) = o.
According to the simple model of atomic ordering

given in reference [2] for 0 -- 6 -- 0.5, the 2d

oxygen-vacancy binary system is expected to be

described by two atomic ordering parameters,
Sll and 531’ as was done [11] in the order-disorder
transformations of 3d b.c.c. Fe1 - xAlx metallic alloys.
Sll and S31 are both functions of the temperature T
and the concentrations c and (1 2013 c ) of respectively
the oxygens and the vacancies (or the empty sites) ; c
is linked to 6 by 2 c = 1 - 6. Sll (T, c ) and 531(T, c)
have been computed in 2d in reference [2] following
the simple model of reference [11] for 3d, using a
mean-field approximation and interactions between
first and second neighbours. Sll vanishes at To and
S31 vanishes at To. We have drawn, in figure 1,
Sll and S31 as functions of T for c = 0.3 and the ratio
between the second to the first neighbour interac-
tions A = 0.315 ; then with reference [2] using
reference [12], one gets To = 1000.1 K and To =
526.6 K, in that case.

Fig. 1. - The order parameters S31 and Sli (computed in
Ref. [2]) plotted versus T /Tó for c = 0.3 and the ratio
between second to first neighbour interactions A = 0.315 ;
also plotted is the corresponding function T 0/ T (S) given
in the text as formula (8). (Sll = 0 at T = To with

To/ To = 1.9 and To = 525.6 K).

Then the transport rate T -1 (S ) involved in formu-
la (4) is easily computed as a function of Sll and
S31. According to reference [13], the residual resis-
tivity in 3d b.c.c. alloys such as Fel - xAlx is :

It is easy to check that the same formula applies in
our 2d case. Then the variation T - 1 (S) due to

atomic ordering is given as usual [14] by :

p o (order ) is given by (5) with (Sll )max = 2 c and
(S31 )max = 2-4 c (for 0.25 , c , 0.5), and

p o (disorder ) is also given by (5) where Sl =
S31 = 0. We also need :
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Vo - V v is the difference between the scattering
potentials of the oxygen and the vacancy, and
N (EF ) is the density of states at the Fermi level. The
c dependence in (7) is just the Nordheim law [14].
One thus gets :

Note that if only one order parameter had been
sufficient to describe the system, S3, = 0 in (5), and
then 7- -1 (s) = rO- I [i - (s, ii/Sil ma,, )2] then with
SllISll max = S one would recover, [14, 15], the usual
variation in (1 - S2) of the electrical resistivity with
long range atomic order, as in f3 brass for instance,
which vanishes when S = 1. Note also that the short

range atomic order is absent from (5). It may be of
importance close to To and could be incorporated via
an extension of the method of reference [15].
However, since the main variation of T -1 arises from
the long-range order and since we only aim to stress
the overall effect here, we will neglect the modifi-
cations added by the short-range order. We have
plotted in figure 1 To/T (S) as a function of T for
c = 0.3, since this case will prove in the following to
be of particular importance in the YBaCuO systems.
Then back to (3) with (4) and (8) we are able to

estimate the modification in T, due to the occurrence
of the ordering transition To.

3. The increase of Tc below the atomic ordering
transition To.
We readily obtain :

The detailed c and T dependences of Sil and
S31 are given in reference [2] ; we recall that

Sll max = 2 c and S3, max = 2 - 4 c for 0.25 , c 10.5.
Formula (9) expresses how the superconducting
temperature is lowered when the atomic ordering of
the sample is not perfect. Conversely, knowing
Sll, S31 and Tc(Sli, S31), we can estimate how much
can be gained for Tc when the system is more

ordered.
If we now wish to compare the Tc’s corresponding

to two partially ordered states frozen from two

different temperatures T, and T2 such that T,  T2,
we get :

with :

Let us now compare the above two states on either
sides of the ordering temperature To and more
precisely in the case :

The ordering parameters Sll and S31 increase very
sharply (see Fig. 1) just below To and To respectively,
with infinite slopes at these temperatures. Therefore,
in the range described by (12), we may write :

and then a (1) ’" 0 and we are left with :

Then we write :

A is a constant independent of c and determined
below. On the other hand, the umber of carriers is :

n enters in (15) insuring that there is no scattering in
absence of carriers. In writting n 1/3 we have assumed
that the density of states in (7) corresponds to a
parabolic band of free carriers in 3d. This is a very
rough approximation (see discussion below), consis-
tent however with the experimental findings [16]
that we are going to use now, in order, in particular
to fix A. To do so, we suppose, as we tentatively did
in reference [2], that the relative increase of

Tc of - 0.55 observed in reference [1] corresponds to
c = 7/16 (8 =118, i.e. YBa2Cu306.87S). Then extract-
ing Tc(2) from reference [16a], Tc(2) ’" 84 K for
8 = 1/8, and with (Tc(l) - TC(2»/Tc(2) ’" 0.55 from
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reference [1], we obtain A/ (2 7T) ’" 8.21 x 102. We
may then rewrite (14) as follows :

The function 102 y is plotted versus c in figure 2.

Fig. 2. - The function 102 y given in the text in formula
(17b) plotted versus c.

For each value of c, the fast cooling experiments
of references [16], freezing ordered states above

To, give us the corresponding Tc(2) ; then (17a) tells
us what is the expected Tc(l) if the sample was slowly
cooled below the ordering temperature To, for

instance via the slow temperature cycling of refer-
ence [1]. To get the highest possible Tc(l) will thus
depend on the ordering states at T, and T2 through
(12) and on the oxygen concentration via y(c).
There are several conflicting factors to take into

account in order to optimize the effect. We would
need the highest degree of order, i.e. T, -+ 0 ; but
Tl cannot be that small since we look for the highest
possible Tc(l) ; since T, should be smaller than

To, we rather search for the highest To. However,
according to reference [2], To is maximum for

c = 1/4, i. e. 6 = 0.5, for which the system is, in

principle, not metallic anymore : following (16),
there is indeed no more carrier left (n = 0), in which
case TC(l) is expected to vanish as does Tc(2) in

references [16] (or very close to do so).
Clearly equation (10) ought to be solved self-

consistently ; for the time being and in the absence
of any further experimental information (for instance
what is the actual value of 8 in the experiment of
reference [1], which we tentatively estimate to be
1/8), we have drawn in figure 3, for c varying
between 0.25 (YBa2CU306.5) and 0.5 (YBa2CU307),
on one hand, the Tc(2) values taken from reference
[16a] (which we call Tc in the figure), and Tc(2)

Fig. 3. - T, and Tc versus c for A = 0.315 and
0.25 , c , 0.5, i.e. 0.5 . 8 , 0 in YBa2CU301-,. The
superconducting temperatures Tc are extracted from the
data of reference [16a] and correspond to Tc(2) in the text ;
they are obtained for samples prepared by rapid cooling
from high T. The superconducting temperatures Tc’ corre-
spond to Tc(1) in the text and are calculated from formula
(17a) ; they are expected to be the ones obtained for
samples slowly annealed so that the atomic ordering,
occurring below To in the oxygen-vacancy system of the
CuO basal planes, has been established. To is the second
ordering temperature (below the ortho-tetra one To)
proposed in reference [2].

(called Tc’ in the figure), given by formulas (17).
Such a curve must not be taken too seriously given
the approximations made above. However the qual-
itative behaviour is instructive : the highest value for
Tc’ is reached closer to 5 = 0.5 than to 0 although the
highest Tc measured so far was obtained for
8 = 0. This is obviously linked to the ordering
temperature To being the highest for 5 = 0.5. We
recall here that, with A = 0.315 and To fixed thanks
to the data of reference [12], it follows from our
reference [2] that

so that for, c = 0.3, To = 525.6 K and To =
1000.1 K. Note that the value Tc’ - 345 K reached in
figure 3 for c = 0.3 is an overestimate since at that

temperature, according to figure 1, S3, has not quite
yet reached its maximum value, (S31 - 0.94 S31 max)
and (13a) is not quite fulfilled. There is no need at
this stage to perform a better estimate by solving
(10) self-consistently, given the uncertainty of the
parameters used, in particular the A value.

In any case, the important message of figure 3 is
that the neighbourhood of 6-0.5 may be more
interesting to look at, rather than 8 = 0. It would
thus be most interesting to repeat the slow tempera-
ture cycling experiments of reference [1] or any
other method stabilizing the ordered phase below
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To, for the case 5 = 0.4 i. e. on YBa2Cu306,6 samples,
for instance.

4. Discussion.

Our main point in this paper is that, if To exists, then
Tc may possibly be increased by quite a large amount
if one allows the long range atomic order to reach its
equilibrium value below To.
The existence of To may be checked by specific

heat measurements. There is indeed an extra con-

figurational contribution C to the specific heat due to
the atomic ordering. It can be easily computed as the
derivative with respect to T of the internal energy of

configuration, aE/aT in formula (8) of reference [2].
One can show straightforwardly that C increases
from T = 0 to T = To, then drops to very small
values, to increase again when T - To. In units of
the Boltzmann constant kB, one gets :

(N is the number of oxygen plus vacancies), and

Therefore the jump at To is vanishingly small

(together with the To value) when 5 --&#x3E; 0, c - 0.5,
but it increases with 5 to reach the value 0.75 when
6 = 0.5, c = 0.25 ; in the same range, the jump at
To decreases from 1.5 at 5 = 0, c = 0.5, to 0.64 at
5 = 0.5, c = 0.25. At c = 0.3, of interest here,
e/N = 0.64 at T = To compared to CIN = 0.85 at
T = To but still with CIN - 0 just above To. These
modest, although measurable, values for CIN at

To rely upon the assumption made in reference [2],
following reference [11], that the ordering transition
at To is a second-order one. Measurements of

C/N at To would thus be most interesting in several
respects : the existence of To, the nature of the

transition at To and the actual value of A (supposed
here to be equal to 0.315 and fixing the To and
To values).
In order to draw figure 3, we have chosen for

N (EF) in o the density of states of free 3d carriers.
As already mentioned, this is only justified by the
fact that superconducting temperature values in

reference [16a] (called Tc(2) here) appeared consis-
tent with such an assumption, although without any
justification. However it has been shown [17] that in
these quasi-2d systems, N (EF) is expected to exhibit
Van Hove singularities [18] and would thus be quite
different from the one used here. Obviously the
precise value of N (EF ) is a key point to determine

TC(2)’ as linked to the nature itself of the anomalous
superconductivity in the YBaCuO family. Reference
[17] attributed the high values of T,(2) to the 2d
logarithmic singularities in N (EF)’ It is likely that
these singularities, smoothed out in the disordered
phase, above To, would be all the more important
that T is decreased below To. Related to possibly
high values of N (EF ) an interesting and unexplained
feature appears in reference [16b] where the mag-
netic susceptibility X at 100 K was also measured in
the range of interest here for 8: the value of X is
about the same for 5  0.25 and 8 &#x3E; 0.45 but is

about 3 to 5 times higher for 0.25  8  0.45,
possibly linked, according to the authors of reference
[16b], to the apparition of new short-range periodici-
ties. We note that such an increase in X, and thus in

N (EF ), appears for 5 values including the one

5 = 0.4 that we propose here to be most favorable

to increase T,. Taking into account such an increase
in N (EF ) would all the more reinforce our proposal
of Tc being the highest (below To) around the

composition 6 - 0.4. This brings us to another point
to be discussed now.

We do not take into account in the present paper
any change (once c is fixed) in N (EF ) due to

ordering. It has been shown in the past [19] that in
V3Au the density of states may be quite increased if
one takes into account the ordering among the Au
and the V atoms along the chains, which, in turn,
increases the superconducting temperature of that
system. Moreover it is well known [20] that, upon
ordering, new Brillouin zones form and the band
structure of the carriers is modified, (which react on
the effective number of carriers and possibly the sign
of their charge). Then, depending on the position of
the Fermi level, dN (E )/dE may be either increased
or decreased. Interesting information could then be
provided from measurements of the thermopower
and the Hall coefficient.

Ordering processes react as well on other proper-
ties like elastic constants and volume changes (see
Sect. II of Ref. [14] for instance) which in turn
would react on the values of interactions between

first, second neighbours... so that our A’s values may
not be constant when T varies. Lattice vibrations are
as well influenced by the atomic ordering (see again
Sect. 11.8 of Ref. [14]) so that changes in the phonon
spectrum should also be investigated along these
lines.

We believe that a careful account of the ordering
effects on the various properties of the system in its
normal phase should be made before attributing the
superconducting pairing to phonon or non-phonon
mediated attraction. It would then be at that stage
that one could check whether our assumption of the
disorder acting as a pair breaker is indeed valid or
not.

Finally, if interaction between atoms farther than
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2nd neighbour would prove to be important, one
would certainly need more than two long-range
order parameters to describe the atomic ordering of
the system ; in that case there would be a lot more of
ordering transition temperatures with sequence
To &#x3E; To &#x3E; To &#x3E;... ; then, inside the parabola that
we had in reference [2] for Tó (c) there would be
another one for To" (c) vanishing at C = 1 and

4

C = 1 etc.
2

At present and given the difficulties encountered

by the experimentalists (to maintain the oxygen
content constant during a given experiment for

instance) and consequently the very small amount of
information concerning the atomic ordering proces-
ses in the oxygen-vacancy system, the present simple
model may be a sufficient starting point for more
sophisticated studies.

To conclude we would like to convince the experi-
mentalists to study the superconducting temperature
in YBa2Cu306,6 samples in the atomically ordered
phase below 500 K.
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