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A detailed study of electronic and thermal transport properties and linear thermal expansion of
La2CuO41d single crystals with both high oxygen pressure oxidation and electrochemical oxidation were
carried out. A series of anomalies of resistivity, thermoelectric power, and linear thermal expansion have been
observed at three successive phase transitions below room temperature in samples with 0,d<0.035. These
anomalies are gradually depressed withd.0.035, achieved by the electrochemical oxidation, and nearly
disappear after electrochemical oxidation for 40 days.@S0163-1829~96!01234-9#

I. INTRODUCTION

Because of its simple structure and composition, exten-
sive studies of magnetism, electronic properties, thermal
transport, superconductivity, and structure have been carried
out in the La2CuO41d compound for the purpose of reveal-
ing a common dominant mechanism in the superconductivity
of high-Tc cuprate superconductors.1–12 It has been estab-
lished that the superconducting state of La2CuO41d is re-
lated to the excess oxygen content and the structural change
associated with a phase transition or phase segregation. Two
techniques have been employed to induce excess oxygen into
stoichiometric La2CuO4. The first is high-pressure oxygen
annealing at 500–600 °C, yieldingd;0.035, and producing
a superconducting phase withTc;35 K.8,9 The second is
electrochemical oxidation at room temperature, which can
increase the excess oxygen up tod50.12 and result aTc as
high as 45 K.13,14

Neutron-diffraction studies of La2CuO41d (d;0.035)
have revealed that a reversible phase segregation into two
phases occurs below 300 K, an oxygen-poor phase~insulat-
ing and antiferromagnetic! and oxygen-rich phase~metallic
and superconducting!.7–9 The oxygen-poor phase has
Bmabsymmetry and the oxygen-rich phase was considered
to beFmmmsymmetry by Jorgensenet al.7 andBmabsym-
metry by Chailloutet al.8 In their studies, a remarkable fea-
ture is that the phase segregation is reported to occur via
diffusion of oxygen atoms that remain mobile down to about
200 K. Ahrenset al.15 have reported that a slow cooling
through a narrow temperature range around 190 K made
Tc;33 K, 4 K higher than that following rapid cooling,
;29 K. The reason for this is interpreted as due to the re-
duction of excess oxygen mobility during rapid cooling and
the freezing-in of the nonequilibrium state during the phase
segregation process. Thus, the freezing of oxygen diffusion
causes a decrease in the excess oxygen content of the metal-
lic superconducting phase and leads to a lowerTc .

Based on our heat-capacity measurements,16,17 we have
reported that the single crystal samples of La2CuO41d

(0,d<0.035), heat treated with different partial oxygen
pressures, undergo three successive phase transitions below
room temperature. We do not observe the oxygen migration
in the process of successive phase transitions.16–19Therefore,
we propose that the phase separation associated with oxygen
migration occurs atT.320 K. The three successive phase
transitions are concluded to be~1! a second-order phase tran-
sition, the phase transition temperature defined asTs , ~2! a
martensitic-like phase transition, the phase transition tem-
perature defined asTm , ~3! a first-order phase transition, the
phase transition temperature defined asTf . In the measure-
ment of resistivity under hydrostatic pressure for the
La2CuO4.035 single-crystal sample, the second-order phase
transition atTs , the martensitic-like phase transition atTm ,
and the first-order phase transition atTf are all suppressed
when the hydrostatic pressure is higher than a critical value
~8 kbars!.18 This evidence implies that the three successive
phase transitions may be related to the internal elastic stress
occurring in the coexisting oxygen-poor phase and the
oxygen-rich phase. It is known that La2CuO41d compounds
have no phase separation whend.0.045.13 It is worth inves-
tigating if three successive phase transitions still exist in the
single phase state (Fmmm) whend.0.045.

In this paper, we present first the drastic anomalies in
resistivity, thermoelectric power, and thermal expansion
which occur at the three successive phase transitions for
samples (0.001<d<0.035) heat-treated with different par-
tial oxygen pressure atmospheres. Secondly, we show the
changes in these anomalies following electrochemical oxida-
tion to d.0.035. Finally, we try to interpret the anomalous
electronic and thermal transport properties using the correla-
tion polaron model proposed by Goodenough and
co-workers.20,21

II. EXPERIMENTAL

The single crystals were grown by the traveling solvent
floating-zone method.22 The excess oxygen content was first
changed in the range 0,d<0.035 by high-temperature an-
nealing under different partial pressures of oxygen. The ex-
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cess oxygen contents were determined by iodometric titra-
tion, and the dependence of the annealing conditions on the
excess oxygen content has been reported previously.19 In or-
der to further increase oxygen content, two samples annealed
under high oxygen pressure, La2CuO4.015 and La2CuO4.021,
were then electrochemically oxidized. A piece of the
La2CuO4.015 sample, with a section in perpendicular to the
CuO2 plane~dimensions of 332 mm2 and the thickness 1.5
mm!, was used to measure the resistivity along thec axis
r' . A piece of the La2CuO4.021 sample, with a section par-
allel to the CuO2 plane~dimensions of 433 mm2 and the
thickness 1.5 mm!, was used to measure the resistivity par-
allel to theab plane,r i ; the Seebeck coefficient parallel to
ab plane,Si , and along thec axis,S' .

The electrochemical cell was set up as La2CuO41du1 M
KOHaqu Pt, where the positive electrode was a single crystal
of La2CuO41d and the negative electrode was a thin plati-
num plate. Pt wire with 0.1 mm diameter was soldered to a
section of sample with indium, and the indium was covered
completely with silicone rubber. An AguAgCl electrode was
used as a reference electrode connected to the solution via a
salt bridge.23 A constant current of 10mA was passed
through the cell. To observe the change of electronic and
thermal transport properties resulting from the electrochemi-
cal oxidation, the resistivity and Seebeck coefficient were
measured before and after electrochemical oxidation for 7,
20, and 40 days. The sample piece was so small that it was
difficult to determine the excess oxygen content after elec-
trochemical oxidation by the change of mass, but the change
of oxygen content can be estimated from the change of the
Seebeck coefficient at room temperature. Electrical resistiv-
ity was measured by a four-probe dc method in the tempera-
ture range 10–320 K. The Seebeck coefficient was measured
during warming from 80 to 320 K with a homemade device.
The linear thermal expansion was measured by a strain
gauge method.24,25 A small gauge, of size 232 mm2, was
attached to the sample with epoxy resin and formed a resis-
tance bridge with another three resistors. The unbalanced
voltage of the bridge resulting from temperature change is
proportional to the linear thermal expansion. The resolution
of the strain gauge is about 1028. The strain was calculated
using the linear thermal expansion of a reference Cu sample.

III. RESULTS

The significant anomalies in resistivity(r) and Seebeck
coefficient(S) for La2CuO41d (d50.001–0.035! single
crystals are obtained at three phase transition temperatures,
Ts , Tm andTf . When d.0.035, the significant anomalies
are gradually suppressed with increasingd following electro-
chemical oxidation.

Figures 1 and 2 show the temperature dependence ofr'

and r i , respectively, for La2CuO41d (0.001<d<0.035)
single crystals oxidized by high-temperature annealing. For
r' , no anomaly is observed for thed50.001 sample, imply-
ing that the successive phase transitions do not occur in this
sample. Two anomalies are observed for thed50.005
sample and three anomalies are observed for thed.0.005
samples.Ts depends ond and increases from 255 to 298 K
in the range 0.005<d<0.015. Whend.0.015,Ts has a con-
stant value, Ts5298 K. Hysteresis occurs around

Tm526565 K for the d>0.011 sample. Since the
d50.005 sample does not show such a hysteresis loop, and
has a very lowTs5255 K, we conclude that the martensitic-
like phase transition does not occur. WhenT,Tm , r' de-
creases with a smaller slope and reaches a minimum value at
Tf for thed>0.005 samples. WhenT,Tf , r' shows semi-
conducting behavior up toTc . For r i , it is noted that the
anomalous feature atTs is very sensitive tod. The decreas-
ing slope ofr i below Ts becomes smaller with increasing
d, and the anomalous feature atTs disappears when
d50.035, but the hysteresis loop still persists as shown in
the inset. The temperature variation ofr i , in the rangeTs to
Tf , changes from metallic behavior to semiconducting be-

FIG. 1. Temperature dependence of resistivity along thec axis
for La2CuO41d single crystals.
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havior whend increases fromd50.015 tod50.035. Super-
conductivity is observed for samples withd>0.005.Tc-mid
defined by the temperature where sample resistivity drops to
half of its value atTon, is slightly increased from 32 to 35 K
with increasing excess oxygen content fromd50.005 to
d50.035.

Figures 3 and 4 show the temperature dependence of the
Seebeck coefficientsSi and S' , respectively, for
La2CuO41d (0.001<d<0.035) single crystals. It is surpris-
ing to note that the anomalous features in the Seebeck coef-
ficient at the three phase transition temperatures have nearly
the same characteristics as those in the resistivity. Similar to
the resistivity measurements, two anomalies are observed for

the d50.005 sample, and three anomalies are observed for
thed.0.005 samples. As shown in Figs. 3,Si is temperature
independent aboveTs and drops precipitously by
;60 mV K 21 when the temperature decreases fromTs to
nearTm for the samples withd>0.011. AroundTm , a much
sharper drop occurs in a rather narrow temperature range,
with the Si decreases approximately by 15–20mV K 21

from 270 to 265 K. A minimum value ofSi aroundTf is also
observed for the samples withd>0.005. In Fig. 4, we can
see that the anomalous feature inS' becomes weaker with
increasingd, and thatS' tends to decrease linearly with
decreasing temperature whend increases to 0.035.

Figure 5 shows the temperature dependence of resistivity

FIG. 2. Temperature dependence of resistivity along theab
plane for La2CuO41d single crystals.

FIG. 3. Temperature dependence of Seebeck coefficient along
theab plane for La2CuO41d single crystals.
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before and after electrochemical oxidation for 20 days and
40 days for the La2CuO4.015 single crystal measured along
the c axis @Fig. 5~a!#, r' and for the La2CuO4.021 single
crystal measured along theab plane @Fig. 5~b!#, r i . The
inset in Fig. 5~b! shows an expanded portion around the su-
perconducting transition temperature. Bothr' and r i be-
come nearly temperature independent from 350 K toTc after
electrochemical oxidation for 40 days. The resistivity at 300
K decreases by one half forr i and by about 20 times for
r' after the 40 day electrochemical oxidation. Apparently,
the anomalies associated with the three phase transitions are
successively suppressed with increasing electrochemical oxi-
dation time.Tc-mid increases to 45 K after the electrochemi-
cal oxidation for 40 days.

Figure 6 shows the temperature dependence of the See-
beck coefficient for the La2CuO4.021 single crystal, before
and after electrochemical oxidation for 20, and 40 days mea-
sured along theab plane@Fig. 6~a!#, Si ; and before and after
electrochemical oxidation for 40 days measured along thec
axis @Fig. 6~b!#, S' . After electrochemical oxidation for 40
days, the magnitude ofSi above Ts drops by about
100 mV K 21 and becomes nearly independent('60 mV
K21! in the temperature range 160 K,T,320 K in spite of
a slight remaining trace of anomalies atTm and Tf . This
implies that the excess oxygen content has been significantly
increased during the electrochemical oxidation process and
the three phase transitions suppressed. After the electro-
chemical oxidation,S' has the same magnitude atSi and
also becomes temperature independent from 80 to 320 K.

Further information about the three anomalies is given by
the linear thermal-expansion coefficient data shown in Fig. 7.
We measured the linear thermal expansion along,110. for
a La2CuO4.035 single crystal@Fig. 7~a!# and for an electro-
chemically oxidized single-crystal sample@Fig. 7~b!#. For the
La2CuO4.035 single crystal, a very sharp peak in the linear
thermal-expansion coefficient (Da51531026 K 21) occurs
at Tm as shown in the inset of Fig. 7~a!. This provides direct
evidence of a structural change, caused by the martensitic-
like phase transition, through a cooperative displacement of
atoms. A hysteresis loop fromTs to Tm is observed in the
linear-expansion curve before electrochemical oxidation. For
the electrochemically oxidized single crystal, no apparent

FIG. 4. Temperature dependence of Seebeck coefficient along
the c axis for La2CuO41d single crystals.

FIG. 5. The temperature dependence of resistivity before and
after electrochemical oxidation for 20 days and 40 days for a
La2CuO4.015 single crystal measured along thec axis ~a! and for a
La2CuO4.021 single crystal measured along theab plane ~b!. The
inset in~b! shows an expanded portion aroundTc . The abbreviation
ECO means electrochemical oxidation.
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anomaly was observed. Comparing the linear thermal expan-
sion of the samples before and after electrochemical oxida-
tion, it is clear that the significant anomaly atTm disappears
due to an increase of the excess oxygen content.

IV. DISCUSSION

Hundley and co-workers6,7 have also observed the same
transport anomalies found by us in both the resistivity and
Seebeck coefficient atTs for La2CuO41d (d<0.032) single
crystals. They assumed thatTs represents a phase separation
temperature associated with oxygen diffusion, and the
change ofr andS from temperature independent to a linear
decrease dependence can be explained by the formation of an
oxygen-rich phase and an oxygen-poor phase in a phase
separation. According to this interpretation, since the
oxygen-rich phase exhibits metallic behavior, and because
the amount of excess oxygen in the oxygen-rich phase will
increase with decreasing temperature,r andS will linearly
decrease with decreasing temperature whenT,Ts . How-
ever, based on our heat-capacity data,16,17 Ts represents a
second-order phase transition temperature with no oxygen
diffusion, so the transport anomalies atTs cannot be ex-
plained simply by phase separation.

We have indicated that the three successive phase transi-
tions may be induced by internal elastic strain.18 In
La2CuO41d compounds, two internal elastic strains can be
considered. One is the local lattice distortion caused by in-

terstitial oxygen ions. It will increase with increasing oxygen
content. The other is caused by the bond length mismatch,
which can be quantified by means of the orthorhombic strain
(b2a)/(b1a). In La2CuO41d compounds, the orthorhom-
bic strain decreases with increasing excess oxygen content,
and has a minimum value whend50.08.13 The internal elas-
tic strain in La2CuO41d compounds can be attributed to the
competition between the local lattice distortion and the
orthorhombic strain. In the range 0.005<d,0.015, the local
distortion caused by the interstitial oxygen ions may be
dominant. Hence,Ts increases with increasingd. When
d>0.015, the two effects may compensate andTs becomes
constant. Whend.0.035, the decrease in orthorhombic
strain may be larger than the local distortion and could lead
to the disappearance ofTs .

The relieving of internal elastic strain due to the second-
order phase transition atTs accompanied by the change of
resistivity atTs from temperature-independent behavior to a
linear temperature dependence, may be explained by the cor-
relation polaron model proposed by Goodenough and
co-workers.20,21 They have suggested that in cuprate super-
conductors the hole-rich domains have covalent Cu-O bonds
and the hole-poor domains have ionic Cu-O bonds. The co-
valent Cu-O bonds have a shorter equilibrium length than
that of ionic Cu-O bonds. They have postulated21 that the
holes are trapped within a mobile volume of covalent Cu-O
bonds embedded in a background of ionic Cu-O bonds; the
mobile volume of covalent Cu-O bonds constitutes as
intermediate-size polaron within which the correlation split-
ting energyU is sharply reduced. The mobile volume is de-

FIG. 6. The temperature dependence of the Seebeck coefficient
for a La2CuO4.021 single crystal before and after electrochemical
oxidation for 20 days and 40 days measured along theab plane~a!,
and before and after electrochemical oxidation for 40 days mea-
sured along thec axis ~b!. The abbreviation ECO means electro-
chemical oxidation.

FIG. 7. Linear thermal expansion and linear thermal-expansion
coefficient~in the inset! of a La2CuO4.035 single crystal;~a! before
electrochemical oxidation,~b! after electrochemical oxidation. The
abbreviation ECO means electrochemical oxidation.
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fined as a correlation polaron. The correlation polaron can
move diffusively via vibronic coupling, without an associ-
ated motional enthalpy. The vibronic coupling arises from a
resonance between the covalent and ionic Cu-O bonding.
The two bond equilibrium energy for the resonance is con-
sidered as;DEH51/2U1DEel , whereDEH is the gain in
hybridization energy, 1/2U is the loss of the one-side corre-
lation splitting energy, andDEel is the change of the elastic
energy. If DEel is very small, the correlation polaron can
move by vibronic coupling and the resistivity will decrease
linearly with decreasing temperature. IfDEel is not small, the
correlation polaron will be trapped in and the resistivity will
be nearly temperature independent. In the samples with
0,d<0.035, whenT.Ts , DEel may not be very small and
the correlation polaron cannot move diffusively by vibronic
coupling. Hence, the resistivity is nearly temperature inde-
pendent or shows semiconducting behavior. WhenT<Ts ,
DEel will be reduced sufficiently by the second-order phase
transition to allow the correlation polaron to move by vi-
bronic coupling. Thus, the resistivity decreases linearly with
decreasing temperature. In the samples withd.0.035,
DEel becomes very small with increasingd, and the second-
order phase transition, and the corresponding transport
anomalies, tend to disappear.

The martensitic-like phase transition also can be consid-
ered as arising from the internal elastic stress related to the
tilting of the CuO6 octahedra. It has been pointed out

1,3 that
below the orthorhombic-to-tetragonal phase transition tem-
perature the tilting angle of the CuO6 octahedra in oxygen-
poor domains increases with decreasing temperature, but in
the oxygen-rich domains the increase of tilting angle is lo-
cally disrupted due to the interstitial oxygen. The incoher-
ence of the tilting angle in the oxygen-rich phase presumably
extends to the interface between the oxygen-poor domains
and the oxygen-rich domains, and forms an elastic stress in
the interface. The interfacial elastic stress increases with de-
creasing temperature, and atTm it becomes large enough to
cause the martensitic-like phase transition through a coopera-
tive atom displacement. In our experiments, the drastic struc-
tural change atTm is related to the anomalies inr, S, and the
linear expansion coefficient. We have reported that under
high hydrostatic pressuresTm is initially increased and then
disappears when the pressure becomes higher than a critical
pressure.18 This suggests that a lower external stress will
work to reduce the internal stress required to induce the tran-
sition, and that application of external pressure initially en-
hances the phase transition temperatures. On the other hand,
above a critical pressure, the interface between the oxygen-
poor domains and the oxygen-rich domains may suffer from
deformation before the internal stress induces the transition,
which reduces the interfacial stress and causesTm to disap-
pear. Furthermore, in this paper we have seen that the trans-
port anomaly atTm disappears after electrochemical oxida-
tion for 40 days. This is explained because La2CuO41d

becomes a single oxygen-rich phase (Fmmm) with no inter-
facial stress, whend.0.045.

Below Tm an interface exists between the oxygen-poor
and oxygen-rich phases, which is induced by cooperative
atom displacement. Phase separation behavior can be easily
observed by neutron diffraction and other methods.7,8,15

Since the interface formed by the martensitic-like phase tran-
sition will disrupt the polaron movement diffusively, the de-
creasing slopes ofr and S become small belowTm , as
shown in Figs. 1 and 4.

At Tf , a first-order phase transition occurs in the oxygen-
rich phase as we have reported.17 New grains and grain
boundaries will appear in the oxygen-rich phase.17 These
new grains and grain boundaries may break the vibronic cou-
pling and restrict the movement of correlated polarons.
Therefore, the resistivity increases with decreasing tempera-
ture belowTf .

V. CONCLUSIONS

A series of electronic, thermal transport, and structural
anomalies have been observed at three successive phase tran-
sitions below room temperature. These features in the
normal-state electronic and thermal transport properties have
been explained by the correlation polaron model proposed by
Goodenough and co-workers.20,21

In the samples with 0,d<0.035, the resistivity and See-
beck coefficient changes from nearly temperature indepen-
dent to a linear temperature dependence at a second-order
phase transition temperature. Such a change is considered as
arising from the correlation polaron movement, driven by
vibronic coupling, due to the reduction of the internal elastic
stress by the second-order phase transition.

At Tm , the martensitic-like phase transition temperature,
a hysteresis loop in the resistivity curve, a precipitous drop
(;60 mV K 21) in the Seebeck coefficient, and a sharp
peak (Da51531026 K 21) in the thermal-expansion coef-
ficient are observed for the samples with 0,d<0.035. We
conclude that the driving force for the martensitic-like phase
transition is the interfacial stress between the oxygen-poor
microscopic domains and the oxygen-rich microscopic do-
mains. BothTs andTm are gradually depressed with increas-
ing d, for d greater than 0.035, through electrochemical oxi-
dation, and nearly disappear after electrochemical oxidation
for 40 days.
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