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Calorimetric study of an electrochemically oxidized crystal of La2CuO4.05: Stabilization
phenomenon, phase transitions, and a glass transition due to freezing-in of the rearrangement

of excess oxygen atoms
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Heat capacities of a La2CuO4.05 crystal prepared by electrochemical oxidation at room temperature were
measured in the range of 14–400 K with an adiabatic calorimeter. The as-prepared sample exhibited heat
evolution, above 330 K, due to stabilization from a metastable phase to a stable phase and to homogenization
of the excess oxygen atoms over the whole polycrystalline sample. There were two phase transitions observed
only for the stabilized sample; a Martensitic type at 290 K, and a second-order type at 158 K. A supercon-
ducting phase transition was observed near 41 K for both the as-prepared and the stabilized sample. A glass
transition was found in the range of 130–190 K, and was interpreted to have originated from the freezing-in of
the short-range rearrangement of excess oxygen atoms. Herein, the relationship between the phase transitions
due to the order and/or disorder of excess oxygen atoms and to the tilt of the CuO6 octahedra is discussed.
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I. INTRODUCTION

The structure of La2NiO4 and La2CuO4 crystals is the
same as that of K2NiF4 constructed of alternatingly stacke
KNiF3 perovskite and KF rocksalt layers. Both the cryst
show excess-oxygen nonstoichiometry, and the excess
gen atoms are accommodated at interstitial sites surroun
by four lanthanum atoms and four oxygen atoms in L
rocksalt layers.1,2 Based on the fact that more excess oxyg
d can be incorporated in La2NiO4 crystals than in La2CuO4

crystals, studies of thed-T phase relation and the ordere
structure of excess oxygen atoms have conventionally
ployed the La2NiO41d crystals.3–8 Notably, however,
La2CuO41d crystals with larged have been prepared by u
ing an electrochemical oxidation technique.9,10

The presence of ordered structures of excess oxygen
oms in La2NiO41d crystals has been reported by several
search groups, respectively,3–7 using neutron-diffraction,
electron-diffraction, and transmission electron microsco
techniques. Tranquadael al.,6 by using neutron diffraction of
La2NiO41d crystals, observed superlattice peaks with
modulation wave vector (0,1,1/m) below approximate room
temperature, and suggested that the appearance of the s
lattice peaks are due to an order-disorder phase transitio
excess oxygen atoms, in conjunction with the cooperative
of NiO6 octahedra. The ordered arrangement of excess o
gen atoms as correspondent to the modulation wave ve
(0,1,1/m) is called a stage-m structure; stage-3 and stage
structures appear aroundd'0.07 andd'0.10, respectively,
and phase separation occurs in the range between the td
values. In the stage-m structure, the excess oxygen atoms a
accommodated at the interstitial sites located within everm
LaO layer along thec axis. According to the characteristi
tilt pattern of the NiO6 octahedra, only the alternate inters
PRB 600163-1829/99/60~9!/6821~6!/$15.00
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tial sites along theb axis and all the interstitial sites along th
a axis appear to be accessible in the relevant LaO layer to
excess oxygen atoms. Our calorimetric study11 confirmed,
based on the transition entropies, the phase transitions ar
fact, of a type involving an order-disorder process of t
excess oxygen atoms. La2CuO41d crystals with larged pre-
pared by electrochemical oxidation have also been repo
to show the ordered structure of excess oxygen atoms
the phase transitions.12–15 Wells et al.,13,14 by investigating
neutron diffraction of La2CuO41d single-crystal oxidized
electrochemically, observed superlattice peaks with
modulation wave vector (0,1,1/m) below room temperature
which corresponds to stage-m structure.6 In that investiga-
tion, the relation betweemm and d remained unclear be
cause, owing to the small size of the crystals, theird values
could not be determined. There is no direct evidence t
excess oxygen atoms really undergo rearrangement to a
dered state at the specific temperature at which the supe
tice peaks appear. The neutron-diffraction experiment is c
sidered to have detected there only the development o
cooperative tilt pattern of the CuO6 octahedra. Lanzara
et al.,15 using in-plane-polarized CuK-edge extended x-ray
absorption fine structure, observed that two kinds of pla
Cu-O bond lengths appear below 150 K in an electroche
cally oxidized crystal of La2CuO4.1, which indicates the
presence of another phase transition.

It has been reported that excess oxygen atoms
La2CuO41d and in La2NiO41d crystals are mobile below
room temperature.16–19In the heat-capacity measurements
a La2NiO4.094 crystal,19 we observed a glass transition ph
nomenon due to the freezing-in of the rearrangement of
cess oxygen atoms around 200 K. However, we did not
serve a glass transition in previous heat-capac
measurements of La2CuO4.035 and La2CuO4.011 crystals,20,21
6821 ©1999 The American Physical Society
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6822 PRB 60KYÔMEN, OGUNI, ITOH, AND YU
possibly due to a small quantity of excess oxygen atoms.
expected that such a glass transition would be observab
La2CuO41d crystals in which a larger quantity of exce
oxygen atoms were introduced by means of electrochem
oxidation, as was the case in the La2NiO4.094 crystal.

In the present study, heat capacities of an electroche
cally oxidized crystal of La2CuO4.05 were measured with an
adiabatic calorimeter in the range of 14–400 K in order
clarify the phase relation and dynamic properties of exc
oxygen atoms. The as-prepared sample exhibited a large
evolution, above 330 K, due to the change from a metast
to a stable phase. It is suggested that the origin of the st
lization is the transformation that results in the ordered str
ture of excess oxygen atoms, and the homogenization of
cess oxygen atoms across the grain boundary. Two p
transitions were observed for the stabilized sample; a M
tensitic type at 290 K and a second-order type at 158
Neither transition has been indicated to accompany an or
disorder process of excess oxygen atoms. A freezing-in p
nomenon of the rearrangement of excess oxygen atoms
observed in the range of 130–190 K.

II. EXPERIMENT

Details of the synthesis of a polycrystalline sample
electrochemical oxidation are described elsewhere.22 The ex-
cess oxygen atom contentd of the sample was determined
be 0.05 by iodometric titration with an uncertainty of60.01
after the heat capacity measurements. Heat capacities o
sample were measured in the range of 14–400 K by an
termittent heating method using a high-precision adiab
calorimeter.23 The initial temperatureTi is determined by
following the temperature of a calorimeter cell for 12 min.
known quantity of electrical energyDE is then supplied to
the calorimeter cell loaded with the sample, and the fi
temperatureTf is determined by following the temperatu
for another 12 min. Gross heat capacity of the cellCtotal is
evaluated to beDE/(Tf2Ti) at Tav5(Tf1Ti) /2. Appreciable
temperature drifts were observed during the temperat
measurement periods as due to a glass transition or a p
stabilization. The rates of the drifts were determined to
the values at 7 min after the supply of electrical energy. T
mass of the sample used was 21.217 g~0.052239 mol!. The
precision and accuracy of the measurements were estim
to be within60.06 and60.3%, respectively.23

III. RESULTS

A. Phase relation

Figure 1 shows the rates of temperature drifts observe
originating from the change of state of the sample in
range of 300–400 K. Squares represent the values obta
upon heating the sample that had been prepared by ele
chemical oxidation at room temperature. The sample ex
ited heat evolution starting at around 330 K. Circles rep
sent values obtained on heating the sample after anneali
400 K for 60 h. The annealed sample exhibited no heat e
lution nor heat absorption in the range of 300–400 K. Ba
on this finding, it is concluded that the heat evolution o
served in the as-prepared sample is due to a kind of sta
zation. Figure 2 shows the temperature drift observed n
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400 K immediately after the series of heat-capacity meas
ments of the as-prepared sample had been carried out
300 to 400 K. The temperature changeDT due to the stabi-
lization amounts to;1.7 K. The magnitude of heat evolu
tion, DHm, is evaluated as the sum of two contributions
follows. The first contribution is estimated from heat evol
tion observed during the heat-capacity measurements f
300 to 400 K to be

DHm,15E Ctotal/n~dT/dt!dt'0.2 kJ mol21, ~1!

whereCtotal andn are the gross heat capacity and the qu
tity of sample, respectively. The second contribution is e
mated from the heat evolution observed during the annea
at 400 K to be

DHm,25Ctotal~400 K!DT/n'0.9 kJ mol21. ~2!

The total enthalpy change is thus estimated to beDHm
5DHm,11DHm,2'1.1 kJ mol21.

Squares and circles in Fig. 3 represent molar heat cap
ties of the as-prepared and stabilized samples, respecti
Both the as-prepared and stabilized samples showed a
capacity anomaly due to a superconducting phase trans
near 41 K. Only the latter sample showed two addition
heat-capacity anomalies: one was a Martensitic phase tra
tion near 290 K; the other, a second-order phase transi
near 158 K.

Figure 4 shows the heat capacities of the stabiliz
sample in the range of 260–300 K on an enlarged scale.
different symbols in the figure represent the values obtai
on heating the samples that had been precooled from 32
to the temperatures, respectively, indicated in the figure.

FIG. 1. Rates of spontaneous temperature drifts observed in
heat capacity measurements of a La2CuO4.05 crystal: h is the as-
prepared sample;s is the sample annealed at 400 K for 60 h.

FIG. 2. Temperature drift curve at 400 K observed immediat
after the heat capacities for the as-prepared sample had been
sured from 300 to 400 K.
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respective sets of data are located on different curves
indicated by solid guidelines, depending on the lowest te
perature to which the sample was precooled before the m
surements. No appreciable temperature drift was obse
just after the precooling or during the heat capacity meas
ments. These results indicate that the transformation pa
at a certain state of quasiequilibrium prefigured by the p
cooling temperature and cannot proceed due to the inevit
generation of large interfacial energy between the domain
high- and low-temperature phases. This is characteristic
Martensitic phase transition, and is similar to those obser
in La2CuO4.011and La2CuO4.035crystals.20,21The dashed line
in the figure represents a baseline established by interp
ing the values in the ranges of 200–250 K and 300–320
The baseline represents

Cp,m/~JK21mol21!

522.1210.7991~T/K!

21.33731023~T/K!215.55431027~T/K!3. ~3!

The assumption that, above 300 K, there is no heat-capa
contribution due to the phase transition is consistent with
report by a neutron-diffraction experiment13,14 that no appre-
ciable signal of short-range order in the tilt of CuO6 octahe-

FIG. 3. Molar heat capacities of a La2CuO4.05 crystal:h is the
as-prepared sample;s is the sample annealed at 400 K for 60 h

FIG. 4. Molar heat capacities plotted on an enlarged scale
290 K. Temperatures indicated in the figure represent the low
temperatures to which the samples were precooled from 32
before each series of measurements. Dashed line represents a
line for estimation of the enthalpy and entropy of transition. So
lines are guide for eyes.
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dra or in the arrangement of excess oxygen atoms has
observed at the temperatures in La2CuO41d crystals. The
enthalpy and the entropy of transition were estimated by
ting the baseline to be 24 J mol21 and 0.096 J K21 mol21,
respectively.

Figure 5 shows the heat capacities of the stabiliz
sample in the range of 140–170 K on an enlarged scale,
the two symbols represent values obtained on hea
samples precooled from 200 K to the temperatures~137 and
157 K, respectively! indicated. The two sets of data are lo
cated on the same curve independent of the lowest temp
ture to which the sample was precooled, and no tempera
drift was observed during the measurements. This indica
the absence of hysteresis and latent heat in the transition.
anomalous heat-capacity curve showed a long tail on
low-temperature side and an abrupt drop just above the t
sition temperature. These figures further indicate that
phase transition is of a second order. The solid line in
figure stands for a baseline established by interpolating
values in the ranges of 50–100 K and 165–180 K. The l
represents

Cp,m/~JK21mol21!

5229.3811.502~T/K!21.03531022~T/K!2

11.54831024~T/K!321.50031026~T/K!4

16.79031029~T/K!521.152310211~T/K!6. ~4!

The enthalpy and the entropy of transition were estimated
setting the baseline to be 15 J mol21 and 0.10 J K21 mol21,
respectively. Considering that the value of the entropy
small, the transition is indicated to be based on a small
placement of ions. This is consistent with the fact that
excess oxygen atoms are immobile in the phase-trans
temperature region as described in the next section.

In order to estimate the magnitude of the heat-capa
jump, D trsCp,m, associated with the superconducting pha
transition, excess heat capacities,DCp,m, were calculated by
subtracting the heat capacities of a La2CuO4.00 crystal20 from
the observed values. Squares and circles in Fig. 6 repre
D trsCp,m/T, the excess heat capacities divided by tempe

ar
st
K

base

FIG. 5. Molar heat capacities plotted on an enlarged scale n
158 K. Temperatures indicated in the figure represent the low
temperatures to which the samples were precooled from 20
before each series of measurements. Solid line represents a
line for estimation of the enthalpy and entropy of transition.
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ture, for the as-prepared and stabilized samples, respecti
in the range of 20–50 K. The superconducting phase tra
tion was observed to have a jump at around 41 K in b
samples. The magnitude of the jump is estimated to be
and 5 mJ K22mol21 for the as-prepared and stabilize
samples, respectively. These values are similar to th
1.73–7.67 mJ K22 mol21, of La22xSrxCuO4 (0.10<x
<0.16) crystals.24

B. Glass transition due to freezing-in of rearrangement
of excess oxygen atoms and activation energy
for the positional jump of the oxygen atom

Solid and open circles in Fig. 7 show the rates of tempe
ture drifts observed in two series of measurements
samples stabilized at 400 K and subjected to respective
cooling treatment at 1 K min21 and at 20 mK min21 from
200 to 100 K. The rapidly precooled sample exhibited h
evolution starting at 130 K and ending near 190 K. T
slowly precooled sample exhibited heat absorption startin
145 K and ending near 190 K. The heat evolution and h
absorption are not associated with the phase transition at
K, because the temperature, 170 K, of the heat absorp
peak is clearly separated from the transition temperature.

FIG. 6. Excess molar heat capacities divided by temperatur
La2CuO4.05 crystal, derived by subtracting the values of
La2CuO4.00 crystal from the experimental ones and plotted on
enlarged scale near 41 K:h is the as-prepared sample;s is the
sample annealed at 400 K for 60 h. Solid lines are guide for ey

FIG. 7. Rates of temperature drifts observed in the series of
capacity measurements for the La2CuO4.05 crystal stabilized at 400
K: d is the sample precooled rapidly at 1 K min21; s is the
sample precooled slowly at 20 mK min21.
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fact that the heat evolution observed in the rapidly precoo
sample changes to heat absorption in the slowly precoo
sample leads to the conclusion that the effects of heat e
lution and absorption are due to a glass transition. The g
transition temperature,Tg , at which the relaxation time is
103s, was determined from an empirical relation23 to be 170
K, at which the slowly precooled sample exhibited a he
absorption peak. Such a glass transition was also observe
a La2NiO4.094 crystal, and is understood to be caused by
freezing-in of the rearrangement of excess oxygen atom19

The activation energy,D«a, for the positional jump of an
excess oxygen atom is estimated as follows. The relaxa
time t and frequencyf for the jump are connected by th
relation

f 51/2pt. ~5!

The jump frequency is expressed by

f 5n exp~DSa/R!exp~2D«a/RT!, ~6!

wheren, DSa, andR are the vibrational frequency of exces
oxygen atoms, activation entropy, and gas constant, res
tively. Both of D«a and DSa are usually considered to b
independent of temperature.n is expected to be close to th
Debye frequency, 1.0231013 Hz, which was estimated from
the molar heat capacity value at the glass transition temp
ture by assuming the crystal to be a continuous solid co
posed of 7.053NA atoms, whereNA is Avogadro’s number.
According to Zener theory,25 DSa can be estimated as

DSa'2D«a

d~B/B0!

dT
, ~7!

whereB andB0 are bulk moduli atT and 0 K, respectively.
Based on bulk modulus data,26 an average value o
d(B/B0)/dT between 47 and 310 K is calculated to b
24.2131025 K21. Using these values ofd(B/B0)/dT and
n, and given that the relaxation time atTg is 103s, the acti-
vation energy,D«a, for the jump of the excess oxygen ato
is estimated according to Eqs.~5!–~7! to be equal to
55.1 kJ mol21, which is close to the value of 47 kJ mol21

estimated by the measurements of elastic energy loss.27 The
relaxation time is determined by

t5t0 exp~D«a/RT! ~8!

with t051.18310214s, which is close to the value of 2
310214s estimated by the measurements of elastic ene
loss27 and is in the range previously predicted.28

IV. DISCUSSION

A. Absence of an order-disorder process of excess oxygen
atoms in the phase transition at around 290 K

In the present study, the phase transition observed
around 290 K was clearly related to the observation by W
et al.13,14 of superlattice peaks below room temperuture
electrochemically oxidized crystals. The superlattice pe
corresponded to a stage structure similar to those observe
La2NiO41d crystals.6 It should be noted, however, that th
superlattice peaks are not necessarily a result of the deve
ment of ordered arrangement of excess oxygen atoms,
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are attributed to the development of the tilt pattern of Cu6
octahedra. In a La2NiO41d crystal with d'0.07,11 the en-
tropy of the staging transition was about 1 J K21 mol21, and
a large heat absorption effect, owing to diffusion of exce
oxygen atoms over a broad expanse, was observed in
heat-capacity measurements around the transition temp
ture. On the other hand, in the La2CuO4.05 crystal, the en-
tropy of the transition at around 290 K was found to be ab
0.1 J K21 mol21, only one tenth that found in La2NiO4.07,
and no appreciable heat absorption effect was observe
the transition region. Judging from the results of calorime
and neutron-diffraction studies,13,14 it is concluded that an
order-disorder process of excess oxygen atoms does not
ceed but only the cooperative tilt of the CuO6 octahedra
occurs through the phase transition at around 290 K. Con
ering that the superlattice peaks observed
La2CuO41d (d>0.055) crystals below room temperatu
are similar to those of the stage structure observed
La2NiO41d (d'0.07 and 0.10! crystals, it is deduced tha
for the La2CuO4.05 crystal, the excess oxygen atoms are
dered with stage structure at least in the phase below 29
Furthermore, in view of the fact that the ordering/disorder
of excess oxygen atoms is not involved in the phase tra
tion at 290 K, it follows that, in the La2CuO4.05 crystal, the
excess oxygen atoms are already ordered in the phase a
290 K.

B. Two processes that proceed in the stabilization observed
above 330 K in the as-prepared sample

Two processes are considered to proceed in the stabi
tion observed above 330 K in the as-prepared sample. On
the homogenization of the excess oxygen atom content in
sample in which the excess oxygen atoms were incorpor
heterogeneously by electrochemical oxidation at room te
perature. The other is a phase transition from a metastab
a stable phase, which results in a stage structure of ex
oxygen atoms without tilt of CuO6 octahedra in an ordere
fashion. The former process was proposed by Hirayamet
al.29 In view of the fact that the glass transition caused by
freezing-out of the rearrangement of excess oxygen at
was observed around 170 K, the excess oxygen atoms
understood to be mobile in a crystal above 170 K. T
sample was, however, electrochemically oxidized in the fo
of polycrystals, and thus the homogenization of excess o
gen atom content over the whole sample requires diffusio
the oxygen atoms across the grain boundaries of the p
crystals. This process potentially proceeds only at high te
peratures, such as those above 330 K. Hirayamaet al. really
reported that a La2CuO41d crystal prepared by electrochem
cal oxidation at room temperature showed two supercond
ing transitions, atTc545 and 32 K, and that the transition
45 K disappeared by annealing at 373 K. They interpre
this result to be associated with homogenization:viz., the
excess oxygen atoms are incorporated only in the sur
region of the polycrystalline sample by electrochemical o
dation at room temperature, and diffuse into the inner par
the sample by means of the annealing at 373 K. In
present study, the heat-capacity jump induced at the su
conducting phase transition was observed to decrease b
nealing at 400 K, as shown in Fig. 6. This finding may
s
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explained further by the progress of homogenization. T
annealing is then understood to remove those crystals in
sample that have very larged values, which would give com-
paratively large heat-capacity jumps.

The latter process can be predicted to proceed as foll
in the stabilization that occurs above 330 K. Prior to elect
chemical oxidation, the La2CuO4 crystal is in the phase with
the space group ofBmab,6 in which the CuO6 octahedra are
correspondingly tilted in a systematic way, though the
pattern is different from that realized in the low-temperatu
phase below 290 K in La2CuO4.05.14 On the other hand, as
discussed in the last section, the CuO6 octahedra in the stable
phase of La2CuO4.05 crystal above 290 K have no tilt at lea
in the long range.14 This indicates that the samples befo
and after electrochemical oxidation at room temperat
have different stable phases with different structures. If
phase transition between the two phases is of the first or
proceeding through the progress of the new-phase nuclea
and growth processes, the progress requires adequate c
tions in terms of temperature and time period. In this resp
the as-prepared sample is potentially in the metastableBmab
phase but not in the stable phase. Notably, the struct
phase transitions below room temperature were obse
only in the stabilized sample, but not in the as-prepa
sample. This finding is consistently interpreted based on
assumptions that the as-prepared crystals have struc
rather close to those characteristic of theBmab phase in
terms of the tilts of the CuO6 octahedra, and result in n
structural phase transition below 300 K, as in the case of
La2CuO4 crystal and, further, the phase transitions take pl
in the crystal with some ordered arrangement of excess o
gen atoms after the stabilization. It is unlikely that the sta
lization yields only the above homogenization while givin
the appearance of the phase transitions; if that were the c
the phase transitions would have been detected in the
perature range in the as-prepared sample, since such tr
tions are observed in La2CuO41d crystals not only withd
50.05 but also withd50.011 and 0.035.20,21 Crystals with
thesed values are expected to exist in appreciable amou
even immediately after the electrochemical oxidation
room temperature. Thus, the stabilization above 330 K
concluded to include the phase transition resulting in
stage structure of excess oxygen atoms without the coop
tive tilt of the CuO6 octahedra. We remarked that no he
evolution was observed in the previous heat-capacity m
surements of thed50.011 and 0.035 crystals prepared
high-pressure oxygen annealing above 400 K.20,21 Since the
heat evolution, i.e., stabilization process could proceed ab
room temperature, thed50.011 and 0.035 crystals woul
have undergone this transition during the high-tempera
annealing.

C. Freezing-in of short-range rearrangement
of excess oxygen atoms

It was found that the rearrangement motion of excess o
gen atoms is frozen-in near 170 K in a La2CuO4.05 crystal.
The temperature, 130 K, at which heat evolution was
served to commence for the rapidly precooled sample
close to that, 150 K, for the La2NiO4.094 crystal.19 The tem-
perature region of the glass transition, 130–190 K, is, ho
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ever, narrower than that of 150–300 K in the case of
La2NiO4.094 crystal. The glass transition in the latter case
associated with phase separation with respect to excess
gen atom content; thus the oxygen atoms have to diff
over long distances. Because the relaxation time for diffus
over a long distance becomes very long, the relaxa
should be observed over a wide temperature region up
high temperature, as discussed in a previous paper.19 The
fact that the temperature region of the present glass trans
is rather narrow indicates that the glass transition in
La2CuO4.05 crystal is not associated with long-distance d
fusion of excess oxygen atoms but is, rather, due to
freezing-in of the short-range rearrangement of excess o
gen atoms. The short-range ordering of the excess oxy
atoms within each layer of accessible sites can be a cand
for rearrangement mode.

V. CONCLUDING REMARKS

In the present study, it was found that the phase transi
at around 290 K does not involve an order-disorder proc
of excess oxygen atoms but, rather, involves only a sm
displacement of ions. Further, the stabilization obser
above 330 K accompanies the phase transition and resu
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a stage structure in the arrangement of the excess oxy
atoms without the cooperative tilt of the CuO6 octahedra.
This would indicate that an order-disorder transition of t
excess oxygen atoms would take place above 400 K; tha
the fact that the ordering of excess oxygen atoms does
accompany the cooperative tilt of CuO6 octahedra makes thi
case different from that of the La2NiO41d crystal. Of notable
interest herein is the clarification of the coupling and/or d
coupling mechanism between the cooperative ordering of
cess oxygen atoms and the cooperative tilt ofMO6 (M
5Ni, Cu! octahedra.

The observation that the heat-capacity jump at the su
conducting transition temperature is about half as large in
stabilized sample as in the as-prepared sample was un
stood as an effect of the homogenization of excess oxy
atoms over the whole sample. A real understanding of
phenomenon requires future study on thed-T phase diagram
and thed dependence of the heat-capacity jump associa
with the superconducting phase transition. In view of t
findings that no heat-capacity jump was observed ad
50.011 and 0.035, and in light of the fact that the abo
homogenization at the averaged;0.05 brought the jump to
decrease much, further investigation promises interesting
sults.
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11T. Kyômen, M. Oguni, Y. Itoh, and K. Kitayama, Phys. Rev.

60, 815 ~1999!.
12P. G. Radaelli, J. D. Jorgensen, A. J. Schultz, B. A. Hunter, J

Wagner, F. C. Chou, and D. C. Johnston, Phys. Rev. B48, 499
~1993!.

13B. O. Wells, R. J. Birgeneau, F. C. Chou, Y. Endoh, D.
Johnston, M. A. Kastner, Y. S. Lee, G. Shirane, J. M. Tra
quada, and K. Yamada, Z. Phys. B100, 535 ~1996!.

14B. O. Wells, Y. S. Lee, M. A. Kastner, R. J. Christianson, F.
Chou, and R. J. Birgeneau, inHigh-Tc Superconductivity 1996
Ten Years After the Discovery, Vol. 343 of NATO ASI Ser. E,
edited by E. Kaldis, E. Liarokapis, and K. A. Mu¨ller ~Kluwer,
Dordrecht, 1997!, p. 349.
.

.

n,

-

d,

.

.
-

.

15A. Lanzara, N. L. Saini, A. Bianconi, J. L. Hazemann, Y. Sold
F. C. Chou, and D. C. Johnston, Phys. Rev. B55, 9120~1997!.

16R. K. Kremer, E. Sigmund, V. Hizhnyakov, F. Hentsch, A. S
mon, K. A. Müller, and M. Mehring, Z. Phys. B86, 319~1992!.

17R. K. Kremer, V. Hizhnyakov, E. Sigmund, A. Simon, and K. A
Müller, Z. Phys. B91, 169 ~1993!.

18E. T. Ahrens, A. P. Reyes, P. C. Hammel, J. D. Thompson, P
Canfield, and Z. Fisk, Physica C212, 317 ~1993!.
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