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Neutron powder diffraction was used to study the crystallographic structure of a quenched tetragonal
sample of YBa,Cu;0q 5 during room-temperature annealing. It is found that the lattice parameters de-
crease with anneal time. The time dependence of the two lattice parameters is characterized by a single
relaxation time ~760 min. Similar relaxation times were recently found for the electrical resistances
R, R, in tetragonal single crystals of YBa,Cu;Oq ,s. These results are interpreted in terms of local or-
dering of the oxygen ions in the basal CuO, plane, leading to a charge transfer between the CuO, and

CuO, planes.

It is the same effect that leads to the rise in 7, observed earlier in orthorhombic

YBa,Cu30¢., (x >0.35). The mechanism of the local ordering and the concept of oxygen ions ordering

in a structure with tetragonal symmetry are discussed.

I. INTRODUCTION

Samples of YBa,Cu;O¢,, quenched from ~510°C
show remarkable annealing effects at room temperature
(RT). Quenched nonsuperconducting (x ~0.38) samples
become superconducting and the T,’s of quenched super-
conducting samples (0.4 <x <0.9) increase during RT an-
nealing.’?> These changes are accompanied by structural
changes, e.g., quenched tetragonal samples (x ~0.38) be-
come orthorhombic, and quenched orthorhombic sam-
ples show an increase in orthorhombicity."? The T, rise
and the structural changes show time dependencies with
a common characteristic relaxation time.

This intriguing behavior is explained as follows.!™
At high temperature, the equilibrium phase of
YBa,Cu;0¢, , is tetragonal with the oxygen ions ran-
domly distributed on the O(1) site in the basal CuO,
plane (Fig. 1, a =b). At low temperature, the equilibrium
phase is orthorhombic®# (x > 0.35) with the oxygen ions
ordered in chains along the b axis (b >a, Fig. 1). When
quenched from high temperature to a low temperature,
some disorder of the oxygen ions in the CuO, plane is re-
tained. At this point in time, local ordering (i.e., ordering
of the oxygen ions to form chain fragments) proceeds
through thermal diffusion of the oxygen ions. Indeed,
characteristic relaxation times of 300 to 600 min found'?
for the T, rise and the structural changes are in agree-
ment with thermal diffusion rates of the oxygen ions at
RT."2>° The net effect on the basal CuO, plane as an iso-
lated oxygen ion joins a chain fragment, is that a three-
fold Cu®™ ion is converted into a twofold Cu'" ion. This
conversion requires an electron which is taken from the
CuO, planes, leaving behind one hole which provides
doping for the CuO, planes.* In a recent study of the op-
tical reflectance of a quenched sample of YBa,Cu;0q45, a
14% increase in hole concentration was found'® during
RT annealing. This increase showed a characteristic re-
laxation time of ~500 min. This result provides direct
evidence of the role played by charge transfer in relation
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to the rise observed in 7, during RT annealing of
quenched samples. Experimental evidence for the ex-
istence of chain fragments is provided by electron
diffraction.!’"!? Theoretical support for the possible ex-
istence of chain fragments is given in several publica-
tions.> 781314

Previous studies of RT annealing effects were per-
formed in the oxygen composition range 0.35 <x <0.5,
where YBa,Cu;0¢., , is orthorhombic, and oxygen ion or-
dering (in chains) is consistent with symmetry and is ex-
pected thermodynamically.>”® Recently, a strong anneal-

FIG. 1. A unit cell of the crystal structure of YBa,Cu3;O¢ .
At high temperature, a =b, and the oxygen ions are uniformly
distributed over the O(1) sites (dashed open circles). At RT, the
oxygen forms O-Cu-O. . . chain fragments along b with most of
the O(1) sites between the chains (i.e., on the a axis) being va-
cant.
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ing effect of the electrical resistance was found!® in
quenched single crystals of YBa,Cu;04 ,¢ With tetragonal
symmetry. During low-temperature anneals (30
< T anneal < 150°C), the in-plane resistance R,, and the
out-of-plane resistance R, exhibited a long relaxation
time with a RT value of ~800 min. In addition, R, also
exhibited a short relaxation time with a RT value of ~30
min.

The crystallographic changes accompanying these
effects in tetragonal YBa,Cu;Oq,¢ are studied in the
present work using neutron powder diffraction. We dis-
cuss the results in terms of the oxygen ordering and
charge transfer model."">*%7 We explore the RT anneal-
ing effects on the structure of YBa,Cu;04 ,¢ which has a
tetragonal symmetry where, strictly speaking, chains are
not allowed.

II. EXPERIMENT

Sintered polycrystalline ceramic YBa,Cu;O¢,, was
prepared from powders of Y,0,;, BaCO;, and CuO using
conventional techniques (e.g., see Ref. 2). The sintered
bulk sample was then broken into coarse pieces. The fine
particles were screened out leaving 10 g of material, con-
sisting of 2—4 mm chunks. The oxygen stoichiometry of
the 10 g sample was then fixed by heat treating the sam-

ple for 160 h at 510°C in flowing atmosphere of 0.01%
O, in N,. The oxygen pressure was continuously moni-
tored with an Ametek zirconia-cell oxygen pressure indi-
cator. After the heat treatment, the sample was
quenched to liquid nitrogen. This process produces a
YBa,Cu;O¢,, sample with a nominal oxygen
stoichiometry 6+x =6.25. This stoichiometry deter-
minaztion is based on measurements using idometric titra-
tion.

The sample, consisting of 2—4 mm chunks was kept in
liquid nitrogen following its quench. The sample was
transferred, in a bag filled with helium gas, while still
cold, into a sealed vanadium can, and immediately
mounted in the Special Environment Powder
Diffractometer (SEPD) at Argonne’s Intense Pulsed Neu-
tron Source (IPNS).!® Data collection started about 5 min
after the sample was removed from the liquid nitrogen.
Since the SEPD is a time-of-flight diffractometer, the en-
tire diffraction pattern is collected simultaneously.
Sequential data sets were collected with collecting times
as follows: six sets of 5 min, six sets of 10 min, six sets of
20 min, six sets of 40 min, twenty sets of 1 h, ten sets of 2
h, and five sets of 4 h. In total, 59 data sets were collect-
ed, without moving the sample, for a total elapsed time of
66 h.

The IPNS program for Rietveld analysis of the time-

FIG. 2. Portion of the Rietveld refinement
profile of the YBa,Cu3;O¢,s polycrystalline

sample: 5 min collection time at ~30 min
elapsed time (top), and 4 h collection time at
~60 h elapsed time (bottom). The plus sym-
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of-flight neutron-diffraction data'” was used to refine the
structural parameters. The Rietveld analyses were done
in the tetragonal P4/mmm space group (No. 123) (Ref.
18) and included 948 Bragg reflections, over the range of
d spacmgs from 0.4 to 4.0 A. Scattering amplitudes
used'® were (in units of 107! cm) 0.775, 0.525, 0.7718,
and 0.5805 for Y, Ba, Cu, and O, respectively. The
refined parameters included the lattice parameters, all
variable atom positions, isotropic thermal parameters for
all atoms, and an isotropic linewidth (o 1). The fractional
occupancy of the O(1) site was refined in a preliminary
analysis (of the 59 data sets) which yielded a mean value
of 0.12+0.01 (0.01 is the standard deviation for the dis-
tribution of the occupancies refined for the 59 data sets).
This result corresponds to x =0.24 (0.02) in good agree-
ment with the nominal composition YBa,Cu;0¢4,5. In
the final analysis the fractional occupancy of the O(1) site
was fixed at 0.12. The refinements gave good fits with
low R values and small standard deviations for all the
data. For example, R,, /R, =15.6%/15.8% for the
first 5 min data sets, R, /R.,,=8.2%/6.2% for the 40
min data sets, and R, /R, =5.8%/2.8% for the 4 h
data sets. (R values are defined in Ref. 17.) Typical Riet-
veld profiles for the 5 min data set collected at ~30 min
elapsed time, and for the 4 h data set at ~58 h elapsed
time (=time from the start of data collection) are shown
in Fig. 2.

The time dependencies of the refined lattice parameters
a and ¢ and the ratio ¢ /(3Xa) are shown in Fig. 3. The
lattice parameters a and ¢ go through a maximum at
about 30 min of elapsed time. It is conjectured that this
effect is due to sample warm up to RT, since the sample
was still cold when mounted in the SEPD. To test this
conjecture, we estimate the sample temperature immedi-
ately after mounting (i.e., during collection of the first
data set). The published?® values of RT thermal expan-
sion coefficients of YBa,Cu,;0, are @, =10.0X 1076 K ™!
and a,=18.5X107% K~!. The observed initial lattice
parameter depressions (relative to the zero time intercept
of the exponential fit, solid llne in Fig. 3) are
Aa~4X10"*A and Ac~2X107? A. Substituting these
values into AT =Al/(IXa;) (I=a,c), two independent
estimates of the sample temperature depression (relative
to RT) are obtained. The two estimates both yield
AT =10 K, a reasonable temperature differential, since
the vanadium can felt cold to the touch, but did not accu-
mulate frost when mounted in the SEPD.

A simple exponential decay fitted to the decrease of the
lattice parameters a and ¢ with elapsed time yielded a re-
laxation time of 760 (100) min (solid lines, Fig. 3), in ex-
cellent agreement with the long relaxations (~ 800 min)
found for R,, and R, at RT.!® Unfortunately, it is not
possible to tell if fast lattice relaxation [40 min, observed
for R,;, (Ref. 15)] exists, because of the changing sample
temperature within this time range (Fig. 3).

Small, but systematic variations with elapsed time are
observed (Fig. 4) in the Cu(2)-Cu(2) (i.e., inter-CuO,
plane) distance, the Cu(2)-O(4) bond length, and the Ba-
CuO, plane distance (Fig. 1). It is not possible to deter-
mine the relaxation time from these data. We have there-
fore used a simple exponential to fit this data with the re-

laxation time constrained to the value obtained for the
variation of the lattice parameters (Fig. 3). In this
analysis, where the amplitude was the only variable, we
have obtained small but statistically significant trends
(Fig. 4), which are meaningful in terms of the charge
transfer model (vide infra). The isotropic temperature
factors and the linewidth (o' 1) do not show (within experi-
mental uncertainty) any systematic variation with elapsed
time.

III. DISCUSSION OF RESULTS

The lattice parameters (present work, Fig. 3) and the
resistances'> R,, and R, relax with a common charac-
teristic time. This result is consistent with the model
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FIG. 3. Lattice parameters a and c (obtained from the Riet-
veld refinement of the neutron-powder-diffraction data), and
c/(aX3) vs elapsed time at RT for the quenched YBa,Cu;0q ;5
sample. The solid lines represent the best fit of a simple ex-
ponential decay [relaxation time =760 (100) min]. For the first
six points, the sample is still warming up toward RT.



550 H. SHAKED et al. 51

proposed previously! ~# of charge transfer resulting from
oxygen ordering in samples with orthorhombic symme-
try. The neutron-diffraction data of the present work,
yielded a structure with a tetragonal lattice and an aver-
age oxygen occupancy of the O(1) site of 0.24. With such
a low occupancy, less than L of the O(1) site is occupied
(Fig. 1). At high temperature (and in the as quenched
samples) isolated oxygen ions are expected to be random-
ly distributed over the O(1) site [Fig. 5(a)]. At RT isolat-
ed oxygen ions migrate by thermal diffusion (vide infra)
and form chain fragments. To preserve the overall
tetragonal symmetry, the chain fragments must be equal-
ly distributed along the a and b axes [Fig. 5(b)]. In such a
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FIG. 4. Cu(2)-O(2) distance, Cu(2)-O(4) bond length, and Ba-
CuO, distance (obtained from the Rietveld refinement of the
neutron-powder-diffraction data) vs elapsed time for the
quenched YBa,Cu;0q ,5 sample. The solid lines represent the
best fit of a simple exponential with a relaxation time fixed at
the value obtained in the fit to the lattice parameters (760 min).

structure, the local symmetry in a very small region
around the chain fragment is lower than tetragonal. The
large regions probed by neutron diffraction represent the
average tetragonal structure where this local reduction in
symmetry is averaged out. The reduction in symmetry
was observed?! in tetragonal TmBa,Cu;Oq,, using in-
elastic neutron scattering by crystalline electric field
(CEF) levels of the Tm ion (this is a single-ion effect,
hence an extremely local probe). Structures of this type,
arranged in small tweed domains, were also obtained by
numerical simulations.??

When an oxygen atom is added to the basal CuO,
plane and goes into an isolated position on the O(1) site
(i.e., a position where it does not share its nearest Cu
atoms with other oxygen atoms), it converts to an 0%~
ion by removing one electron from each of its two Cu'™
nearest neighbors, thereby raising their oxidation state
from Cu'" to Cu?*. This process (unlike chain forming,
vide supra) does not require a transfer of electrons from
(or to) the CuO, planes. In the framework of this model*
all structures with isolated oxygen ions in the basal CuO,
plane do not support charge transfer. Hence, in this class
of structures, the basal CuO, plane does not serve as a
charge reservoir. Various ordered structures that were
previously proposed, namely, the alternating half-

Fig. 5. Representation of the proposed local structure of the
basal CuQy ,s plane. Oxygen ions are represented by open cir-
cles, and copper ions by black dots. (a) At 510°C: oxygen ions
are randomly distributed on the O(1) site, with a constraint ex-
cluding two or more oxygen ions sharing a Cu ion. (b) At RT:
Local ordering of the oxygen ions; oxygen ions form chain frag-
ments.
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filled—quarter-filled chains sequence,?> [Fig. 6(a)] or the
“herring-bone-type” structure,’* [Fig. 6(b)] belong to this
class. In these structures, there are no Cu ions with
valence greater than 2+, hence cuprates of this class are
expected to be insulating.

We suggest that the oxygen ion ordering takes place
via thermal diffusion for the following reasons. (i) The re-
laxation time corresponding to thermal diffusion of oxy-
gen ions in the basal CuO, plane can be estimated from
the relation t=(s)?/(4D), where (s) is the diffusion
length and D is the thermal diffusion coefficient. Using 4
A (~unit-cell edge) for (s) and 8X107%! cm?%/sec for
D,’ we obtain ¢ =820 min in good agreement with the re-
laxation time observed in the present work. (ii) As the
concentration of oxygen ions on O(1) is increased, the re-
laxation time decreases from ~760 min found in the
present work for x =0.26 to ~400-500 min found for
x =0.41.%2 Assuming thermal diffusion, this is explained
as follows: For lower concentrations, oxygen has to mi-
grate a longer distance to join a chain fragment, hence,
larger (s) and therefore larger ¢. (iii). As the anneal
temperature is increased above RT, the relaxation time
decreases.!> At ~150°C it becomes too short to be mea-
sured."!® This behavior is consistent with thermal
diffusion where D undergoes a fivefold increase as tem-
perature is increased from RT to 150°C,° and the relaxa-
tion time will correspondingly decrease to ~ 1 sec.

The lattice parameter a shows a decreases during the
RT anneal (Fig. 3). This decrease is due to shortening of
the Cu(2)-O(2) bond. Since Cu®" is smaller than Cu?*,?

O-O-O'-O'-O-O'O"O'O'O'O:O:O'
O O

- O
c O
O e
O .
. O -

0 O O O O O O O OO OO
C O .

O .
O e
O .
c O .
O -
O O O O O O OO OO OO
O -
O -
O O O O O O O O O O O O
O e
O e
O -
O O O O O O OO OO O O
O e

(a)

O e
c O -
. O -
C O
O -
O e
O -
. O e

o
O .
. O .
O e
O e
O e

O e
. O -
O -

“ O .
O - -

e O e

O O O O O O O O O O O O
FIE
O -

eI
O O O O O O O OO OO O

O O O O O O O O O O O O e

O O O O O O O OO OO O

O O O O O O O O O O O O
O O O O O OO OO OO O

O s
C O .

o]
O

o)
00
-O-QO

0o
o

o)

Q

o

o) o)
. O
OQOO
..O. ¢-

¢o )
o Qo
o @

Q

o ¢
o
o6

o 0
©
e
0
02
Q
o

N
O 00
.0..¢.Q..
.O.éo o)
-0-0o
o O

.o
0050
OO

¢¢

O O
0050

.O'.o(.; o @
e}

0‘0 Lol
)

o ¢

O
QO

O
©
62
o}
0
o9
. O
.

NI
Ry

%
¢ %

o @
Q
()é
Loy
¢-O'

N
O
QO

o @
O

00 ¢
Lo @
Loy

Fo
e}
OQ

(b)

o)
0?60..0?..0.0.
0000
¢0¢
02
50 %
NI
G0 Ca 0
o 0
00
002
50 ?
o
o

Q

o0

e
Co 0l 0!

Lol

o ¢
o

. o
-O-Q(;O:O-
Q
o

o

'O"O'O'Q'O'
I I Ao
0050050
O-(:)O'O'Qé
9% 0%
OO.O.Oé.o.
AL
0,00 o
0850550
10000
0@ 09
6%, 0C,
LSRN
Qé.ooo.o.Q.
O

FIG. 6. Ordered structures of the basal CuO, plane. Oxygen
ions are represented by open circles, and copper ions by black
dots. (a) a=0.375, half-filled—quarter-filled chains sequence
(Ref. 23); (b) x =0.5, “herring-bone-type” structure (Ref. 24).

this shortening is consistent with our model of charge
transfer [i.e., increased oxidation of the Cu ions on the
Cu(2) site]. The bond valence sum (BVS) (Ref. 26) on the
Cu(2) site calculated for the refined position parameters
for our data (not corrected for strains) was found to in-
crease from 2.032 to 2.035 during tpe RT anneal, while a
decreased from 3.8627 to 3.8623 A. This yields a hole
coefficient for a, da/dn=—0.0004/0.003=—0.13
A/hole/Cu(2). This result is in good agreement with the
expected value of —0.056/0.4=—0.14 A/hole/Cu(2)
(calculated from Table II, Ref. 26). The Cu(2)-O(4) bond
length and the Ba ion—-CuO, plane distance decrease,
and the Cu(2)-Cu(2) interplane distance increases during
the RT anneal (Fig. 4). Changes of the same signs were
observed® as oxygen was added to YBa,Cu,Oq, , (x is in-
creased). These changes are consistent with what is ex-
pected in a simple model of electrostatic forces when
holes (positive charge) are transferred from the CuO,
plane to the CuO, planes.

The derivative dT, /dn [where n is the number of holes
in the CuO, plane per Cu(2) ion] estimated from ellip-
sometric measurements of YBa,Cu;Oq 35 is equal to 543
K /hole/Cu(2).1° Using this estimate, the charge transfer
An [i.e., the increase in number of holes per Cu(2), during
the RT anneal] is estimated (Table I) from the measured
changes in a, Aa, and/or T,, AT, for various values of x
(Refs. 1, 2, and the present work). The estimated An
versus x shows a remarkable maximum at x =0.35 (Fig.
7). Although, this graph represents a crude (the quench-
ing conditions are not identical in the different samples)
estimate of An (see Table I), its qualitative features (i.e.,
An —0 as x —0 and 1) are in agreement with calculations
using a chemical valence model,* and are probably valid.
It is interesting that An reaches its maximum at x ~0.35,
at the same composition where YBa,Cu;Oq¢, , undergoes
a tetragonal to orthorhombic phase transition and be-
comes superconducting.

TABLE I. Changes that take place during RT anneal of
YBa,Cu;0q. ,: measured change, Aa, in lattice parameter, a;
measured change, AT,, in T,; calculated change, An, in the
number of holes per Cu(2), n; An=Aa/(da/dn) and/or
=AT,/(dT,/dn). The following values for the derivatives were
used: dT./dn =543 K/hole/Cu(2) (from the ellipsometric mea-
surements reported in Ref. 10), and da/dn =(Aa/AT,)
X(dT, /dn)=(—0.0019/11)X 543=0.094 A/hole/Cu(2) (from
Refs. 1 and 2).

x Aa AT, An
(107*A) (K) [10™* holes/Cu(2)]

0.26 —42 4
0.30 —17° 18
0.41 —19° 11° 20
0.45 8® 15
0.50 6° 11
0.60 2° 4

2Present work.
YReference 1.
‘Reference 2.



552 H. SHAKED et al. 51

25
: ]

= 20 o -
) [ ]
3 3 ]
?,15* ]
2 - -
o [ ]
o= 10 - 7
(=) r ]
C5.._’. ‘;
0....[.A_L.A....lL‘..m.\‘"
0.2 0.3 0.4 0.5 0.6 0.7

x in YBa_Cu O
2 3 6+x

FIG. 7. The increase in number of holes in the CuO, planes
per Cu(2) ion, An, during RT annealing vs x in YBa,Cu3O¢,
(see Table I). The solid line is a guide to the eye.

IV. CONCLUSION

RT annealing of quenched samples of YBa,Cu;O¢ ,
shows a relaxation of the electrical resistance,'* a de-
crease of lattice parameters, and (for x >0.35) a rise in
T,. We conclude that these effects, which have a com-
mon relaxation time 7 result from local ordering of the
oxygen ions of the basal CuO, plane into chain frag-
ments. This ordering requires a transfer of electrons
from the CuO, plane to the basal CuO, plane. This

charge transfer dopes the CuO, plane with holes, and
completely explains the three effects observed during the
RT anneal.

The oxygen ordering (and therefore the charge
transfer) is controlled by thermal diffusion. Hence, the
relaxation time for these effects scales with the diffusion
length, and with the inverse of the thermal diffusion
coefficient and, thus, decreases with concentration of oxy-
gen ions in the basal CuO, planes and with temperature.

For x <0.38, the symmetry of the average structure
(i.e., as determined by diffraction experiments) is tetrago-
nal. The formation of chain fragments (local ordering)
reduces the local symmetry, but since the chain frag-
ments are equally distributed along the a and b axes, the
average tetragonal symmetry is preserved. For x >0.38,
all the chain fragments are aligned along a single axial
direction and the average symmetry is reduced to ortho-
rhombic.
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